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Abstract 29 

The ergogenic effects of caffeine in human exercise have been shown to improve endurance and 30 

anaerobic exercise performance. Previous work has demonstrated that 70μM caffeine (physiological 31 

maximum) can directly increase mouse extensor digitorum longus (EDL) muscle power output (PO) 32 

in sprint like activity by 3%. Our study used the work loop technique on isolated mouse muscles to 33 

investigate whether the direct effect of 70μM caffeine on PO differed between: 1) maximally and 34 

sub maximally activated muscle; 2) relatively fast (EDL) and relatively slow (soleus) muscles; 3) 35 

caffeine concentrations. 70μM caffeine treatment resulted in significant improvements in PO in 36 

maximally and sub maximally activated EDL and Soleus (P <0.03 in all cases). For EDL the effects of 37 

caffeine were greatest when the lowest, submaximal, stimulation frequency was used (p<0.001). 38 

140, 70 and 50μM caffeine treatments resulted in significant improvements in acute PO for both 39 

maximally activated EDL (3%) and soleus (6%) (P <0.023 in all cases), however there was no 40 

significant difference in effect between these concentrations (p>0.420 in all cases). Therefore, the 41 

ergogenic effects of caffeine on power output was higher in muscles with a slower fibre type (P 42 

<0.001). Treatment with 35μM caffeine failed to elicit any improvement in PO in either muscle (P 43 

>0.72 in both cases). Caffeine concentrations below the physiological maximum can directly 44 

potentiate skeletal muscle power output. This caffeine induced increase in force could provide 45 

similar benefit across a range of exercise intensities with greater gains likely in activities powered by 46 

slower muscle fibre type.  47 

Key Words: Force, Work Loop, Skeletal Muscle, Sprint, Activation Level  48 

 49 

 50 

 51 

 52 

 53 

 54 



3 
 

Introduction 55 

Caffeine (common name for 1,3,7-trimethylxanthine)  is a powerful ergogenic aid that has been 56 

extensively studied for its effects in improving exercise capacity (13). In vivo and in vitro studies have 57 

found enhancements in endurance exercise performance, power, and fatigue recovery, accredited 58 

primarily to the effects of caffeine on the CNS (20). Despite its documented popularity as a 59 

performance enhancer, aiding training and competition, caffeine presently still falls short of the 60 

World Anti-Doping Agency’s prohibited list (35). Reviews by Graham (13) and Davis and Green (8) 61 

suggest that caffeine can enhance performance during endurance (activity lasting greater than 30 62 

minutes), power and strength activities.  63 

Following digestion, caffeine can be readily absorbed into the blood stream with peak plasma 64 

concentration occurring 30-60 minutes after ingestion (21). Its hydrophobic nature allows free 65 

passage of caffeine across all biological membranes resulting in distribution throughout all the 66 

tissues of the body (23). Caffeine is also able to diffuse from the cerebral circulation across the blood 67 

brain barrier, entering the cerebrospinal fluid in sufficient quantity to promote pharmacological 68 

effects (10, 12, 24, 33). The primary action of caffeine is to act centrally as a competitive adenosine 69 

receptor antagonist, increasing transmission via dopamine D2 receptors (10, 28).  Lorist and Tops 70 

(21) explored behavioural and performance responses to caffeine ingestion demonstrating an 71 

increase in response to stimuli, an elevated state of arousal and a decreased rate of perceived 72 

exertion. Caffeine has also been demonstrated to have a direct effect on skeletal muscle by acting as 73 

an adenosine receptor antagonist on A1 receptors directly on the skeletal muscle membrane and/or 74 

by binding to the RYR receptors of the SR resulting in altered excitation contraction coupling (4, 7, 75 

10, 27). 76 

 Early in vitro studies demonstrated the direct potentiating effects of caffeine on acute muscle twitch 77 

and tetanus force, however many of these studies used supraphysiological, millimolar, 78 

concentrations of caffeine which would be toxic to humans (9, 10, 14, 22, 32). The primary 79 



4 
 

mechanism by which caffeine can promote enhanced force output in skeletal muscle is believed to 80 

be via interference of excitation contraction coupling (8). It has been established that the specific 81 

mechanism of action is alteration of intramuscular ion handling, primarily via an increased 82 

concentration of Ca2+ within the intracellular space (23). However, little is known about whether 83 

variation in physiological conditions, such as intensity of exercise and caffeine dosage, will alter the 84 

direct response of muscle to caffeine during human physical activities. Tarnopolsky & Cupido (29) 85 

reported that 6 mg.kg-1 body mass (approximately 60μM in blood plasma) of caffeine enhanced 86 

involuntary evoked skeletal muscle force in human subjects at low, but not high stimulation 87 

frequencies. This was attributed to a potentiation of calcium release at lower stimulation 88 

frequencies promoting a greater influx of Ca2+ in the presence of caffeine. However, no previous in 89 

vitro study has directly tested isolated muscle to determine whether the enhancement of force and 90 

power production in skeletal muscle, due to caffeine treatment, is greater at lower stimulation 91 

frequencies. Such findings would be of practical benefit to athletes as they would indicate the types 92 

of physical activities in which the ergogenic effects of caffeine were greatest. 93 

James et al (16, 17) were the first to test the effect of physiologically relevant concentrations of 94 

caffeine (70μM human in vivo maximum, 13) using the work loop technique. They found a small but 95 

significant, 2-3%, increase in mean net power output in maximally activated isolated mouse EDL (fast 96 

muscle), attributed to increased force production during shortening. 70μM caffeine treatments had 97 

no significant effect on delaying the onset of fatigue or enhancing fatigue recovery. Evidence from 98 

use of millimolar concentrations of caffeine (which would represent toxic blood plasma 99 

concentrations in man, 10), has shown that potentiation occurs to a greater extent in relatively 100 

slower muscle e.g. soleus (11, 27, 34). This has largely been accredited to differences in Ca2+ kinetic 101 

properties (23). However, no previous study has tested whether there is a difference between 102 

muscle fibre types in the direct effect of physiological concentrations of caffeine on power output. A 103 

dose dependant effect on direct muscle performance has further been demonstrated with high 0.07-104 

20 millimolar concentrations of caffeine (11, 16), however this response has not been investigated 105 
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over physiologically relevant caffeine concentrations, therefore, there are currently no studies to 106 

indicate the dosage of caffeine required for humans to maximise power output in muscle during 107 

physical activity. 108 

The present study aims to investigate whether maximal physiological concentrations (70μM) of 109 

caffeine directly affect the power output of isolated skeletal muscle during brief bouts of cyclical 110 

activity, being the first such study to compare between: 1) maximally and sub maximally activated 111 

muscle; 2) relatively fast extensor digitorum longus (EDL) and relatively slow soleus muscles; 3) 112 

micromolar concentrations (35-140μM) of caffeine.  113 



6 
 

Materials and Methods 114 

Dissection 115 

The use of animals in this study was approved by the ethics committee of Coventry University. 116 

Female white mice (strain CD1 mice, Charles River, UK) were bred and kept at Coventry University. 8 117 

-10 week old mice (body mass = 30.2 ± 0.81g, mean ± SE, n = 108) were weighed and then killed by 118 

cervical dislocation in accordance with British Home Office Animals (Scientific Procedures) Act 1986, 119 

Schedule 1. 120 

Soleus or EDL muscle was isolated from the right hind limb then pinned out at approximately its 121 

resting length at room temperature (19-21oC). Throughout the dissection procedure the muscle 122 

preparation was maintained in oxygenated (95% O2; 5% CO2) Krebs-Henseleit solution of 123 

composition (mM) NaCl 118; KCl 4.75; MgSO4 1.18; NaHCO3 24.8; KH2PO4 1.18; glucose 10; CaCl2 124 

2.54; pH 7.55 at room temperature prior to oxygenation. For each preparation the tendon and a 125 

small piece of bone was left attached at the proximal and distal ends. Aluminium foil T-clips were 126 

wrapped around each tendon leaving the bone at the back of the clip to help minimise tendon 127 

slippage when the muscle was producing force (16). 128 

Isometric Studies 129 

Foil clips were used to attach the muscle preparation via crocodile clips, at one end to a force 130 

transducer (UF1, Pioden Controls Ltd, UK) and at the opposing end to a motor (V201, Ling Dynamic 131 

Systems, UK). Position of the motor arm was detected via a Linear Variable Displacement 132 

Transformer (DFG5.0, Solartron Metrology, UK). 133 

The muscle was maintained in circulated oxygenated Krebs-Henseleit solution at a constant 134 

temperature of 36 ± 0.36oC. The preparation was stimulated via parallel platinum electrodes while 135 

the muscle was held at a constant length to generate a series of isometric twitches. The electrodes 136 

were not in contact with the nerve branch or the fibre itself but stimulated the muscle via the 137 

surrounding fluid.  138 
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Muscle length and stimulus amplitude (12-16V for soleus; 14-18V for EDL) were optimised in order 139 

to achieve maximal isometric twitch force. The muscle length that corresponded to maximal 140 

isometric twitch force was measured using an eyepiece graticule fitted to a microscope and was 141 

defined as L0. Mean muscle fibre length was calculated as 85% of L0 (15). Maximal isometric tetanic 142 

force was measured by subjecting the preparation to a burst of electrical stimuli (320 ms for soleus; 143 

200 ms for EDL). Stimulation frequency was optimised to yield maximal tetanic force (normally 144 

140Hz for soleus; 200Hz for EDL), following this further tetanic responses were measured at 2 sub 145 

maximal stimulation frequencies (70 & 40Hz for soleus; 150 & 100Hz for EDL). A 5 minute rest period 146 

was imposed between each tetanus in order to ensure the muscle had sufficient recovery time. 147 

The same isometric protocol was used for all EDL and soleus preparations before beginning the work 148 

loop experiments to determine the acute effects of caffeine.  149 

Work Loop Studies 150 

The work loop technique assesses the ability of the muscle to produce power whilst undergoing 151 

cyclical length changes (16, 18, 19). Here the muscle was held at L0 and the stimulation amplitude 152 

and frequency parameters that yielded maximal tetanic force were employed. Each muscle was 153 

subjected to four sinusoidal length change cycles per set at a total symmetrical strain of 0.10, thus 154 

the muscle lengthened by 5% from L0 followed by a shortening to 5% shorter than L0 before 155 

returning back to L0 at a cycle frequency of 5Hz.  5Hz cycle frequency was used for soleus 156 

preparations as it represents the cycle frequency that has previously been shown to elicit maximal 157 

power output in mouse soleus muscle and is attainable in running mice (3, 15). 5Hz was also used for 158 

EDL preparations in order to enable a direct comparison with soleus muscles, however maximal 159 

power output for EDL is achieved at 10Hz cycle frequency (15). The strain used comes from previous 160 

estimation of strains that produce maximal power output at 5Hz in soleus and EDL and that are 161 

attainable during in vivo locomotion (15, 30). Muscle stimulation and length changes were 162 

controlled using custom written software (Testpoint, CEC, Massachusetts, USA) via a D/A board 163 
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(KPCI3108, Keithley Instruments, Ohio, USA).  Data were sampled at a rate of 10 kHz and then a work 164 

loop was formed, by plotting force against length, the area of which represents the net work done 165 

by the muscle during a single length change cycle (19). The preparations were electrically stimulated 166 

by altering burst duration until maximal net power output was achieved.  167 

A burst duration of 100 ms was found to elicit maximal power output in EDL, consistent with the 168 

findings of James et al (16, 17). The burst duration dictates the number of stimuli that the muscle 169 

receives during the work loop; optimising this duration maximises power output.  Usually a burst 170 

duration of 65 ms was found to elicit maximal power output in soleus, consistent with the findings of 171 

James et al (16, 17) and Vassilakos et al (30). However, on occasions when subjecting soleus to a 172 

40Hz stimulation frequency the burst duration was lengthened to 76 ms adding a further stimulus 173 

during the shortening phase of the work loop.  This adjustment was determined by examining power 174 

output values. If the muscle is was too active during lengthening there is greater resistance to 175 

elongate the muscle back to resting length and therefore a decreased net power output.  A 176 

stimulation phase shift of -10 ms was fixed for all preparations in the present study (30). The 177 

stimulation phase shift dictates that stimulation of the muscle starts 10 ms prior to the muscle 178 

reaching maximal length, therefore with a stimulus duration of 65ms in soleus, stimulation continues 179 

until 45 ms prior to the muscle reaching its shortest length.  180 

Prior to commencement of testing, muscle power output was measured at maximal and sub 181 

maximal stimulation frequencies in all the preparations used (140, 70 & 40Hz for soleus; 200, 150 & 182 

100Hz for EDL). The second loop of each set of four work loops was used as an indicative measure 183 

for each trial as it didn’t prove to be different from loop 3. Following this all the length and 184 

stimulation parameters were kept constant and a 10 minute rest between each trial was enforced in 185 

order to allow maximal recovery time (17).  186 

Muscle preparations were subjected to 4 work loops at 10 minute intervals over a 120 minute 187 

duration. The protocol consisted of 3 control measurements in standard Krebs-Henseleit solution, 188 
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followed by 6 measurements in Krebs-Henseleit solution containing 70μM caffeine, concluding with 189 

a washout period of 4 measurements in standard Krebs-Henseleit solution. In order to test for a 190 

possible interaction between caffeine and  simulation frequency this procedure was repeated using 191 

140, 70 or 40Hz and 200, 150 or 100Hz stimulation frequencies for soleus and EDL respectively (n = 8 192 

in all cases). To examine the effects of altered caffeine concentration the same procedure was 193 

followed however the concentration of caffeine added to the Krebs-Henseleit solution was altered 194 

to 140, 50 or 35μM. 195 

Muscle Mass Measurements and Dimension Calculations 196 

At the end of the experiment the tendons were removed leaving the muscle intact. Following this 197 

the muscle was blotted on tissue paper to remove excess fluid. The muscle was then placed on an 198 

electronic balance (Mettler Toledo B204-S, Zurich, Switzerland) to determine the wet muscle mass 199 

to the nearest 0.0001g. Mean muscle cross-sectional area was calculated from mean fibre length, 200 

muscle mass and an assumed muscle density of 1060 kg m-3 (25). Isometric stress was calculated as 201 

force divided by mean muscle cross-sectional area. Muscle power output was normalised to muscle 202 

mass to express power as W.kg-1. 203 

Statistical Analysis of the Data 204 

Single factor analysis of variance (ANOVA) were performed in SPSS (Version 16, SPSS inc., IL, USA) in 205 

order to investigate the difference in isometric stress and work loop power between EDL and soleus 206 

muscles. Further single factor ANOVA’s were performed in order to examine the effect of 207 

stimulation frequency, before any caffeine treatment, on: isometric stress in soleus; isometric stress 208 

in EDL; work loop power in soleus; work loop power in EDL.  209 

Prior to commencement of testing, muscle stress and power output at 140Hz, 70Hz and 40Hz for 210 

soleus and 200Hz, 150Hz and 100Hz for EDL were measured in all the preparations used. Two factor 211 

ANOVA’s (2x3 ANOVA’s) were conducted on this data in order to test for significant differences 212 

between stimulation frequencies and the caffeine treatment categories in which the preparations 213 
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were subsequently placed. Therefore, stimulation frequency and caffeine treatment category were 214 

used as the fixed factors and power output as the dependant variable. Tukey post hoc tests were 215 

performed for stimulation frequency where any significant differences were found.   216 

Prior to testing the effect of 70μM caffeine over different stimulation frequencies, there was no 217 

significant difference in stress and power output between caffeine treatment categories in soleus 218 

and EDL (ANOVA p <0.65 in all cases) prior to caffeine treatment.  Prior to testing the effects of 219 

different caffeine concentrations there was no significant difference in stress and power output 220 

between treatment categories in EDL (ANOVA p = 0.723). In soleus the 50μM treatment group 221 

produced significantly more stress than 35μM group (ANOVA Tukey p<0.001), however there was no 222 

significant difference between any of the other treatment groups (Tukey p>0.505 in all cases). For 223 

soleus and EDL there was no significant difference in power output between the treatment 224 

categories (p=0.695 in both cases). A reduction in stimulation frequency resulted in a reduction in 225 

stress and power in all treatment groups for both EDL and soleus (ANOVA p<0.001 in all cases). 226 

Therefore it is fair to conclude the preparations were of similar quality prior to treatment. 227 

Muscle power output will decrease over time due to the gradual development of an anoxic core. In 228 

order to avoid deterioration in muscle performance masking the effects of caffeine, a 1st order 229 

regression equation was calculated using the control data and washout data in order to identify the 230 

linear relationship between muscle power output and time. This regression equation was then used 231 

to determine theoretical control muscle power output for each time point during caffeine 232 

treatment. The range of regression coefficients were R2 = 0.002-0.9972, the level of significance 233 

between these regressions varied between p < 0.001 - 0.883. Typically muscle preparations that 234 

demonstrated a degree of deterioration over time showed significant regression coefficients 235 

normally exceeding 0.8 (p<0.05 in each case). Preparations that were stable over time had low 236 

regression coefficients and the effect of the correction was minimal.  237 
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A single factor ANOVA was conducted on each treatment group in order to determine any difference 238 

between prior treatment control and post treatment washout. For soleus and EDL muscles there was 239 

no significant difference between the prior and post treatment controls. Therefore, it is assumed 240 

that after the caffeine treatment the muscles returned to their previous state and any changes in 241 

performance during treatment were solely the effects of caffeine. These control data were pooled 242 

and subsequent analysis was conducted comparing caffeine treatment directly against controls.  243 

The effects of stimulation frequency (100Hz, 150Hz, 200 Hz) and caffeine treatment (70uM, control) 244 

on soleus power output were tested in 2-factor (3x2) ANOVA. The same statistical test was 245 

conducted in a separate 2-factor (3x2) ANOVA for the EDL muscle. In order to test for a significant 246 

effect of caffeine concentration a further 2 factor (2x3) ANOVA was conducted separately for soleus 247 

and EDL. Again power output was the dependant variable with caffeine treatment (70μM caffeine or 248 

control) and caffeine concentration as the fixed factors. A significant interaction between 249 

concentration and treatment was identified in EDL treated with 70μM caffeine at different 250 

stimulation frequencies and both soleus and EDL treated with altered caffeine concentrations (two 251 

factor (2x3) ANOVA p <0.015 in all cases), therefore we conducted a single factor ANOVA on each 252 

treatment group to determine the effect of caffeine compared to control. 253 

Results were interpreted as significant when p < 0.05. Values are displayed as mean ± standard 254 

error.  255 
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Results 256 

EDL produced significantly greater stress and greater PO than soleus (Table 1; single factor ANOVA 257 

main effect p<0.001 in both cases). Reducing stimulation frequency resulted in a significant 258 

reduction in stress (to 87.8% and 66.4% of maximal for soleus when stimulated at 70 and 40Hz and 259 

to 91.1% and 69.6% of maximum for EDL when stimulated at 150Hz and 100Hz) for both soleus and 260 

EDL (Table 1; two factor (2x3) ANOVA main effect p<0.001 in both cases). A reduction in stimulation 261 

frequency also resulted in a significant decrease in maximum work loop stress (to 64.3% and 42.9% 262 

of maximum for soleus when stimulated at 70 and 40Hz and to 87.1% and 59.5% of maximum for 263 

EDL when stimulated at 150Hz and 100Hz) in soleus and EDL (Table 1; two factor (2x3) ANOVA main 264 

effect p<0.001 in both cases).  265 

Effects of Stimulation Frequency and 70μM Caffeine Treatment on Muscle Power Output 266 

70μM caffeine treatment of soleus elicited significantly greater power output than controls in all 267 

cases (Figure 1; single factor ANOVA main effect p=0.02). Caffeine elicited a mean peak power 268 

output increase of 6.4%, 6.2% and 5.7% for 140Hz, 70Hz and 40Hz stimulation frequencies 269 

respectively. There was no significant difference in the effect of caffeine between stimulation 270 

frequencies (Figure 1; two factor (2x3) ANOVA main effect p=0.093). 271 

70μM caffeine treatment of EDL elicited significantly greater power output than controls (Figure 2; 272 

single factor ANOVA main effect p<0.005 in all cases). Caffeine elicited a mean increase in peak 273 

power output of 3.3%, 4.2%, and 6.7% for 200Hz, 150Hz and 100Hz stimulation frequencies 274 

respectively. There was no significant difference in the effect of 70μM caffeine between 200Hz and 275 

150Hz (Figure 2; Tukey p=0.976). However, 70μM caffeine treatment elicited a significantly greater 276 

increase in PO at 100Hz compared to 200Hz and 150Hz (Figure 2; two factor (2x3) ANOVA Tukey 277 

p<0.005 in both cases).  278 

A set of responders and a set of non responders (those showing no noticeable improvement in 279 

response to treatment) were evident in soleus (Figure 3) and EDL (Figure 4) in all the treatment 280 
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groups besides 100Hz sub maximally stimulated EDL. Caffeine treated EDL, stimulated at 100Hz, 281 

showed no obvious non responders to the treatment (Figure 4C). 282 

The Effect of 35, 50, 70 & 140μM Caffeine Treatment on Muscle Power Output 283 

Treatment of soleus muscle with 140μM, 70μM and 50μM caffeine resulted in a significant increase 284 

in maximal power of up to 6% (Fig 5 single factor ANOVA main effect p<0.015 in all cases). 285 

Treatment using 35μM caffeine failed to significantly increase soleus muscle’s maximal PO (Fig 5 286 

single factor ANOVA main effect p= 0.072). There was no significant difference in the increase in PO 287 

between 140μM, 70μM and 50μM caffeine treatments (Fig 5; two factor (2x3) ANOVA Tukey p< 288 

0.473 in all cases).  289 

Treatment of EDL muscle with 140μM, 70μM and 50μM caffeine resulted in a significant increase in 290 

mean maximal power of up to 3.3% (Figure 6; single factor ANOVA main effect p<0.022 in all cases). 291 

Treatment using 35μM caffeine failed to significantly increase EDL muscles maximal PO (Figure 6; 292 

single factor ANOVA main effect p= 0.341). There was no significant difference in the increase in PO 293 

between 140μM, 70μM and 50μM caffeine treatments (Figure 6; two factor (2x3) ANOVA Tukey p > 294 

0.421 in all cases).  295 

As there was no significant difference in response between 140μM, 70μM and 50μM caffeine 296 

treatments these results were pooled and soleus was compared against EDL. Treatment of soleus 297 

muscles with 50μM - 140μM caffeine resulted in a significantly greater increase in power output 298 

(4.7%) compared to EDL (2.5%) muscle (Figure 7; ANOVA two factor (2x3) main effect p <0.001)299 
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Discussion 300 

The mean maximal isometric tetanic stress was 189 ± 12 kN m-2 and 300 ± 23 kN m-2 for soleus and 301 

extensor digitorum longus (EDL) respectively (Table 1). This is similar to soleus but notably higher for 302 

EDL stresses previously reported by James et al (15, 17) and Vassilakos et al (30) in studies using 303 

similar methods. The mean untreated maximal power output was 31.7 ± 1.8 W kg-1 and 85.2 ± 7.1 W 304 

kg-1 (Table 1) again similar to the values reported by James et al (15, 17), Askew et al (3) and 305 

Vassilakos et al (30). Any differences in stress and power output between studies could be attributed 306 

to muscle fibre type differences due to variation in strain and age of the mice and the environmental 307 

conditions at which they were kept. Variation in muscle mass and length will also affect the maximal 308 

stress and power that the muscle can achieve. 309 

The effects of 70μM caffeine on muscle power output at maximal and sub maximal stimulation 310 
frequencies. 311 

Treatment of mouse EDL and soleus muscle with 70μM caffeine elicited significantly greater power 312 

output. A mean increase in soleus power output of approximately 6% occurred at each stimulation 313 

frequency (Fig 1). In EDL the caffeine induced enhancement of power output decreased with 314 

increased stimulation frequency from 6.7% at 100Hz to 3.3% at 200Hz (Fig 2). The ergogenic benefit 315 

was not significantly different between stimulation frequencies in soleus, however a lower 316 

stimulation frequency (100Hz) produced significantly greater force in EDL compared to higher 317 

stimulation frequencies. Therefore, in EDL the effects of caffeine on power output were greater 318 

when the lowest, submaximal, stimulation frequency was used.  319 

A caffeine treatment induced elevation in muscle power output supports the finding of James et al 320 

(16) who also used a physiologically relevant 70 μM caffeine concentration to treat maximally 321 

stimulated EDL. The 3.3% increase obtained in EDL in the present study using the same parameters is 322 

similar to the 2-3% increase reported by James et al (16), but markedly lower than the 6.4% power 323 

improvement seen in soleus in the present study. These results from the present study suggest that 324 

in mammals physiological levels of caffeine treatment will directly induce small increases in power 325 
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output in short term high intensity activity (e.g.100m sprint in athletics) however, it seems likely that 326 

caffeine will have greater ergogenic benefit during lower intensity sporting activities that are 327 

primarily powered by slow muscle fibre types. 328 

It has long been established that caffeine can alter excitation-contraction coupling (23). The 329 

mechanism by which this increase in power output has occurred in the present study can be 330 

attributed to the ability of caffeine to alter intramuscular ion handling. The mechanism for this 331 

action of caffeine is still unclear, however, it is believed that caffeine operates directly as an 332 

adenosine receptor antagonist on A1 receptors on the skeletal muscle membrane and/or binds to 333 

RYR receptors of the SR as shown in vitro with 10mM caffeine treatment and in RYR -/- mice (4, 7, 334 

10, 27).  These processes probably result in a combination of improved opening of the RyR2 channels 335 

of the SR stimulating a greater release of Ca2+ into the intracellular space, an increase in myofibrillar 336 

Ca2+ sensitivity, a decrease in the sensitivity of the SR Ca2+ pump, and an increased SR Ca2+ 337 

permeability. Consequently the rate of Ca2+ efflux from the intracellular space back to the SR may be 338 

significantly slower resulting in a greater basal and activated intracellular Ca2+ concentration, hence 339 

increased relaxation time (1, 2). The work loop shapes for both EDL and soleus (Fig 8) show that 340 

caffeine treatment caused a direct increase in muscle force during shortening, however, no 341 

appreciable change in relaxation time can be seen.  As the muscle was only subjected to 4 work loop 342 

cycles it is unlikely that the proposed increase in basal Ca2+ between stimulations will occur over this 343 

short time period. Fryer and Neering (11) reported that the primary effect of caffeine (0.2 – 20 mM) 344 

on Ca2+ transient was an increase in basal and stimulus evoked release of Ca2+ accompanied by an 345 

elevation of the plateau phase leading to an increase in twitch and tetanus force in rat EDL and 346 

soleus. Magkos & Kavouras (23) further suggested that if Ca2+ is released from SR at a quicker rate 347 

then this will result in quicker initiation of the Ca2+ induced Ca2+ response mechanism. The primary 348 

consequence of these effects is improved cross-bridge kinetics initially allowing faster and greater 349 

availability of the actin binding sites due to a quicker movement of troponin-C, thus promoting 350 

greater formation of cross bridges and hence higher force production. Maintaining an elevated 351 
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concentration of intracellular Ca2+ between stimulus intervals will result in a higher net quantity of 352 

calcium when the muscle receives further stimuli. Muscle force is dependent on the concentration of 353 

free Ca2+, thus a caffeine induced elevation in this manner will result in greater force production. 354 

With an increased intracellular Ca2+ concentration and a decreased sensitivity of the SR Ca2+ pump 355 

the time required to regain intracellular resting concentration of Ca2+ and replenish the SR stores of 356 

Ca2+ will be significantly elongated (2).  357 

Generally in vivo and in vitro studies report the benefit of caffeine as a group mean (2, 5, 17, 26), 358 

however a degree of inter-individual variability in response is common and studies have shown that 359 

not all individuals show a performance improvement (5, 8, 16). In the present study there were also 360 

individual muscles that showed no appreciable change in power output in response to caffeine (Fig 3 361 

& 4). To the authors knowledge caffeine has not been demonstrated to cause a reduction in acute 362 

muscle force, therefore from a human perspective, micromolar concentrations of caffeine in human 363 

blood plasma can most likely have direct beneficial or negligible effects on skeletal muscle 364 

performance.  365 

Tarnpolsky & Cupido (29) suggested that at a sub maximal stimulation frequencies caffeine would 366 

promote greater release of Ca2+. The present study doesn’t fully support this finding as there were 367 

no significant increases in soleus muscle power output with decreased stimulation frequency. EDL 368 

showed a similar response when 200Hz (maximal) was compared against 150Hz, however, a 369 

significant enhancement in muscle power did occur at 100Hz. For this treatment group there 370 

appeared to be no ‘non responders’ to the caffeine treatment (Fig 4; C) hence the mean increase in 371 

power output was significantly higher than at 200Hz and 150Hz. As the precise mechanism of the 372 

action of caffeine is still unknown we are unable to suggest that a greater number of responders 373 

occur at lower stimulation frequencies. Overall our findings suggest that there is a limit to the level 374 

of calcium influx that caffeine promotes and further highlights the need for greater investigation into 375 

the mechanisms of the response. 376 



17 
 

The effects of 35, 50, 70 and 140μM concentrations of caffeine on maximal force production 377 

140μM, 70μM and 50μM caffeine treatment resulted in significant improvements in mean power 378 

output of mouse soleus (up to 6%; Fig 5) and EDL muscle (up to 3.3%; Fig 6). There were no 379 

significant differences in the level of ergogenic benefit between each concentration. Treatment of 380 

soleus and EDL with 35μM caffeine failed to potentiate force. 381 

Human physiological concentrations of caffeine are very rarely above 70μM with common plasma 382 

levels being between 20-50μM (10, 13). The present study indicates that there appears to be a 383 

threshold level of caffeine concentration, below which there is no response and above which there is 384 

no further effect of increasing concentration within the physiological range. The effect of 6 or 9 385 

mg.kg-1 body mass caffeine treatment on 2000m rowing performance was considered by Bruce et al 386 

(6). The Low dose caffeine trial resulted in a significant 1.3% improvement in time to complete the 387 

2000m whilst the high dosage resulted in a significant 1% improvement. Above the physiological 388 

range Fryer and Neering (11) demonstrated a dose dependant potentiation of twitch force in EDL (1- 389 

5 mmol l-1) and soleus (0.2 – 1 mmol l-1) fibres of rat. James et al (16) reported that fatigued mouse 390 

soleus and EDL produced significantly greater peak stress and power output during shortening of 391 

cyclical contractions with 10mM caffeine treatment compared to those treated with 70μM caffeine 392 

and controlsIn conjunction with the present findings these previous studies  suggest there is no dose 393 

dependant effect of caffeine over the human physiological range. 394 

The effects of caffeine on different muscle fibre types 395 

The ergogenic benefit was significantly greater in mouse soleus (4.7%) compared to EDL (2.5%; Fig 396 

7). This is comparable to previous evidence, using non-physiological concentrations of caffeine, 397 

where fast twitch fibres yielded a greater response to caffeine treatment than slow twitch fibres. 398 

Rossi et al (27) reported a greater response to 2-30mM caffeine concentrations in mouse soleus 399 

compared to EDL. Fryer and Neering (11) further demonstrated that soleus was more sensitive to a 400 

lower dose (200μM) of caffeine compared to EDL. This can be attributed to muscle specific 401 
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differences in Ca2+ kinetic properties and muscle specific expression of RYR isoforms between type I 402 

and II fibre types (23). Rossi et al (27) reported that mouse skeletal muscle RYR3 receptors have a 403 

greater sensitivity to caffeine than RYR1. It has been established that muscles with the greatest 404 

response have a greater quantity of RyR3. A higher quantity of RyR3 is evident in soleus muscle 405 

explaining the elevated response of soleus in the present study (27).  406 

When relating these results in a broader context to human performance it should be considered that 407 

caffeine has a shorter half life in rodents and differences in metabolism also occur between rodents 408 

and primates (10). Fibres treated with caffeine may in vivo be modulated to produce the same 409 

power as controls with the activation of fewer muscle fibres. In vivo the pattern of fibre stimulation 410 

along with length change waveforms are likely to be manipulated throughout movement in order to 411 

maximise muscle economy and prevent the onset of fatigue (31). However, these differences are 412 

unlikely to affect the overall findings of the study. 413 

In conclusion physiological levels of caffeine (50 & 70μM) can directly enhance mouse soleus and 414 

EDL muscle power output during short term cyclical activity. Further to this caffeine appears to have 415 

no dose dependant effect on skeletal muscle when used over a relatively small concentration range 416 

(50-140μM). The current study shows that caffeine doses lower than the physiological maximum can 417 

produce significant improvements in muscle force. Treatment with 35μM caffeine showed no 418 

appreciable change in the power output of either soleus or EDL, therefore it is assumed that a 419 

relatively high concentration of caffeine is needed to evoke physiological benefit directly at the 420 

skeletal muscle. From the results of the current study it appears that the extent of caffeine induced 421 

potentiation of power output is unlikely to differ between muscle stimulated sub maximally 422 

compared to maximally.  423 

 424 

 425 

 426 



19 
 

Acknowledgements  427 

The authors would like to thank Mark Bodycote and Bethan Grist for technical assistance. Thanks to 428 
two anonymous referees whose constructive comments helped to improve this manuscript. 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 



20 
 

References 455 

1. Allen DG, Lee JA, Westerblad H. Intracellular calcium and tension during fatigue in isolated 456 

muscle fibres from Xenopus laevis. J Physiol 415: C433-C458, 1989. 457 

2. Allen DG, Westerblad H. The effects of caffeine on intracellular calcium, force and the rate of 458 

relaxation of mouse skeletal muscle. J Physiol 487: C331-C342, 1995. 459 

3. Askew, GN, Young IS, Altringham JD. Fatigue of mouse soleus muscle, using the workloop 460 

technique. J Exper Biol 200: C2907-C2912, 1997. 461 

4. Bhat MB, Zhao J, Zang W, Balke CW, Takeshima H, Wier WG, Ma J. Caffeine-induced Release 462 

of Intracellular Ca2+ from Chinese Hamster Ovary Cells Expressing Skeletal Muscle Ryanodine 463 

Receptor. Effects on Full-Length and Carboxyl-Terminal Portion of Ca2+Release Channels. J Gen 464 

Physiol 110: C749-C762, 1997. 465 

5. Bridge CA, Jones MA. The effect of caffeine ingestion on 8 km run performance in a field 466 

setting. J Sports Sci 24: C433-C439, 2006. 467 

6. Bruce CR, Anderson ME, Fraser SF, Stepto NK, Klein R, Hopkins WG, Hawley JA. Enhancement 468 

of 2000-m rowing performance after caffeine ingestion. Med Sci Sport Exerc 32: C1958-C1963, 2000. 469 

7. Damiani E, Larsson L, Margreth A. Age-related abnormalities in regulation of the ryanodine 470 

receptor in rat fast-twitch muscle. Cell Calcium 19: C15-C27, 1996. 471 

8. Davis JK, Green JM. Caffeine and anaerobic performance: Ergogenic value and mechanisms 472 

of action. J Sports Med 39: C813-C832, 2009. 473 

9. Endo M, Tanaka M, Ogawa Y. Calcium induced release of calcium from the sarcoplasmic 474 

reticulum of skinned skeletal muscle fibres. Nature 228: C34-C36, 1970  475 

10. Fredholm BB, Battif K, Holmen J, Nehlig AN, Zvartau EE. Actions of caffeine in the brain with 476 

special reference to factors that contribute to its widespread use. Pharmological Reviews 51: C83-477 

C133, 1999. 478 

11. Fryer MW, Neering IR. Actions of caffeine on fast- and slow-twitch muscle of the rat. J 479 

Physiol 416; C435-C454, 1989. 480 

12. George AJ. Central nervous system stimulants. Baillieres Best Pract Res Clin Endocrinol 481 

Metab 14: C79-C88, 2000. 482 

13. Graham TE. Caffeine and exercise. Metabolism, endurance and performance. J Sports Med 483 

31: C785-C807, 2001. 484 

14. Huddart H. Caffeine-induced activation in stick insect skeletal muscle. Comp Biochem Physiol 485 

28: C1185-V1192, 1968. 486 

15. James RS, Altringham JD, Goldspink DF. The mechanical properties of fast and slow skeletal 487 

muscles of the mouse in relation to their locomotory function. J Exper Bio 198: C491-C502, 1995. 488 



21 
 

16. James RS, Kohlsdorf T, Cox VM, Navas CA. 70μM caffeine treatments enhances in vitro force 489 

and power output during cyclic activities in mouse extensor digitorum longus muscle. Euro J Appl 490 

Physiol 95; C74-C82, 2005. 491 

17. James RS, Wilson RS, Askew GN. Effects of caffeine on mouse skeletal muscle power output 492 

during recovery from fatigue. J Appl Physiol 96: C545-C552, 2004. 493 

18. James RS, Young IS, Cox VM, Goldspink DF, Altringham JD. Isometric and isotonic muscle 494 

properties as determinants of work loop power output. Euro J Physiol 432: C767-C774, 1996.  495 

19. Josephson RK. Mechanical power output from striated muscle during cyclical contraction. J 496 

Exper Bio 114: C493-C512, 1985.  497 

20. Kalmar JM, Cafarelli E. Caffeine: a valuable tool to study central fatigue in humans’ Exerc 498 

Sport Sci Rev 32: C143-C147, 2004. 499 

21. Lorist MM, Tops M. Caffeine, fatigue, and cognition. Brain and Cognition 53: C82-C94, 2003. 500 

22. Luttgau HC, Oetliker H. The action of caffeine on the activation of the contractile mechanism 501 

in strated muscle fibres. J Physiol 194: C51-C74, 1967. 502 

23. Magkos F, Kavouras SA. Caffeine use in sports, pharmokinetics in man, and cellular 503 

mechanisms of action. Crit Rev Food Sci Nutr 45: C535-C562, 2005  504 

24. McCall AL, Millington WR, Wurtman RJ. Blood-brain Barrier transport of caffeine: Dose 505 

related restriction of adenine transport. Life Sci 31: C2709-2715, 1982 506 

25. Méndez J, Keys A. Density and composition of mammalian muscle. Metabolism 9: C184-507 

C188, 1960. 508 

26. Norager CB, Jensen MB, Madsen MR, Laurberg S. Caffeine improves endurance in 75-yr-old 509 

citizens; a randomized, double-blind, placebo-controlled, crossover study. J Appl Physiol 99: C2302-510 

C2306, 2005.  511 

27. Rossi R, Bottinelli R, Sorrentino V, Reggiani C. Response to caffeine and ryanodine receptor 512 

isoforms in mouse skeletal muscles. Am J Physiol Cell Physiol 281: C585-C594, 2001. 513 

28. Snyder SH, Katims JJ, Annau Z, Bruns RF, Daly JW. Adenosine receptors and behavioural 514 

actions of methylxanthines. Proc Natl Acad Sci. 78: C3260-C3264, 1981 515 

29. Tarnopolsky M, Cupido C. Caffeine potentiates low frequency skeletal muscle force in 516 

habitual and non habitual caffeine consumers. J Appl Physiol 89: C1719-C1724, 2000. 517 

30. Vassilakos G, James RS, Cox VM. Effect of stimulation frequency on force, net power output 518 

and fatigue in mouse soleus muscle in vitro. Can J Physiol Pharmacol 87: C203-C210, 2009. 519 

31. Wakeling JM. Motor unit recruitment during vertebrate locomotion. J Anim Biol 55: C41-C58, 520 

2005. 521 



22 
 

32. Weber A, Herz R. The relationship between caffeine contracture in intact muscle and the 522 

effect of caffeine on reticulum. J Gen Physiol 52: C750-C759, 1986. 523 

33. Wilkinson JM, Pollard I. Accumulation of theophylline, theobromine and paraxanthine in the 524 

fetal rat brain following a single oral dose of caffeine. Dev Brain Res 75 C193-C199, 1993. 525 

34. Wondmikun Y, Soukup T, Asmussen, G. Effects of caffeine at different temperatures on 526 

contractile properties of slow-twitch and fast-twitch rat muscles. Physiol Res 55: C641-652, 2006. 527 

35. World Anti Doping Agency.  Prohibited list 2010 [Online]. http://www.wada-528 

ama.org/Documents/World_Anti-Doping_Program/WADP-Prohibited-529 

list/WADA_Prohibited_List_2010_EN.pdf [2011]. 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

  549 



23 
 

Figures 550 

Figure 1. – The mean acute effect of 70μM caffeine on work loop power output in mouse soleus 551 
muscle at 140Hz, 70Hz, and 40Hz stimulation frequencies [Data represented as mean & SE] n=8 in 552 
each case. 553 

Figure 2. – The mean acute effect of 70μM caffeine on work loop power output in mouse EDL  554 
muscle at 200Hz, 150Hz, and 100Hz stimulation frequencies [Data represented as mean & SE] n=8 in 555 
each case. 556 

Figure 3. – The acute effect of 70μM caffeine on work loop power output identifying the differences 557 
in response to caffeine between individual mouse soleus muscles at 140Hz(A), 70Hz(B), and 40Hz(C) 558 
stimulation frequencies. The magnitude of response to caffeine varies between individuals, with 559 
some individuals (non-responders) showing no change in power output. 560 

Figure 4. – The acute effect of 70μM caffeine on work loop power output identifying the differences 561 
in response to caffeine between individual mouse EDL muscles at 200Hz(A), 150Hz(B), and 100Hz(C) 562 
stimulation frequencies. The magnitude of response to caffeine varies between individuals, with 563 
some individuals (non-responders) showing no change in power output. 564 

Figure 5. - The mean acute effect of 140, 70, 50 & 35μM caffeine treatment on work loop power 565 
output of mouse soleus muscle maximally stimulated at 140Hz stimulation frequency [Data 566 
represented as mean & SE] n=10 for 35, 50 and 140μM n=8 for 70μM. 567 

Figure 6. - The mean acute effect of 140, 70, 50 & 35μM caffeine treatment on work loop power 568 
output of mouse EDL muscle maximally stimulated at 140Hz stimulation frequency. [Data 569 
represented as mean & SE] n=10 for 35, 50, 140μM; n=8 for 70μM. 570 

Figure 7. - The mean effect of caffeine treatment on acute maximal power output of mouse EDL and 571 
soleus muscle [140, 70 & 50μM data pooled for each muscle; Data represented as mean & SE; n = 28 572 
in each case]  573 

Figure 8. – Typical effects of caffeine treatment on work loop shapes in mouse EDL (A) and soleus (B) 574 
stimulated maximally at 5Hz cycle frequency  575 

Table 1. – The mean effect of altered stimulation frequency on tetanus stress and work loop power 576 
in mouse EDL and Soleus.   577 
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Figure 1. – The mean acute effect of 70μM caffeine on work loop power output in mouse soleus 
muscle at 140Hz, 70Hz, and 40Hz stimulation frequencies [Data represented as mean & SE] n=8 in 
each case. 
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Figure 2. – The mean acute effect of 70μM caffeine on work loop power output in mouse EDL  muscle 
at 200Hz, 150Hz, and 100Hz stimulation frequencies [Data represented as mean & SE] n=8 in each 
case 
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Figure 5. - The mean acute effect of 140, 70, 50 & 35μM caffeine treatment on work loop power 
output of mouse soleus muscle maximally stimulated at 140Hz stimulation frequency [Data 
represented as mean & SE] n=10 for 35, 50 and 140μM n=8 for 70μM. 
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Figure 6. - The mean acute effect of 140, 70, 50 & 35μM caffeine treatment on work loop power 
output of mouse EDL muscle maximally stimulated at 140Hz stimulation frequency. [Data 
represented as mean & SE] n=10 for 35, 50, 140μM; n=8 for 70μM. 
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Figure 7. - The mean effect of caffeine treatment on acute maximal power output of mouse EDL and 
soleus muscle [140, 70 & 50μM  data pooled for each muscle; Data represented as mean & SE; n = 28 
in each case]  
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Figure 8. – Typical effects of caffeine treatment on work loop shapes in mouse EDL (A) and soleus (B) 
stimulated maximally at 5Hz cycle frequency  

 

 

 



Table 1. – The mean effect of altered stimulation frequency on tetanus stress and work loop power 
in mouse EDL and Soleus.   

Soleus 
Twitch Stress (kN.m-2) 32.7±2.6 
Stimulation frequency 40Hz 70Hz 140Hz 
Tetanus Stress (kN.m-2) 125.8±11 166.2±11.5 189.4±11.9 
Max Work Loop PO (W/kg) 13.6±1.2 20.4±1.9 31.7±1.8 

EDL 
Twitch Stress (kN.m-2) 66.2±6.2 
Stimulation frequency 100Hz 150Hz 200Hz 
Tetanus Stress (kN.m-2) 209±22.43 273.9±24.3 300.5±23.2 
Max Work Loop PO (W/kg) 50.7±5 74.2±6.4 85.2±7.1 
   [Data represented as Mean ± SE] 
 

 


