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Abstract 25 

Eccentric exercise can result in muscle damage and interleukin-6 (IL-6) secretion. Glycogen 26 

availability is a potent stimulator of IL-6 secretion. We examined effects of eccentric exercise 27 

in a low glycogen state on neuromuscular function and plasma IL-6 secretion. Twelve active 28 

males (23 ± 4 years, 179 ± 5 cm, 77 ± 10 kg) completed two downhill treadmill runs 29 

(gradient, -12%, 5x8 min; speed, 12.1 ± 1.1 km∙h-1) with normal (NG) and reduced muscle 30 

glycogen (RG) in randomized order and at least six weeks apart. Muscle glycogen was 31 

reduced using an established cycling protocol until exhaustion and dietary manipulation the 32 

evening before the morning run. Physiological responses were measured up to 48 h after the 33 

downhill runs. During recovery, force deficits of m. quadriceps femoris by maximal isometric 34 

contractions were similar. Changes in low-frequency fatigue were larger with RG. Voluntary 35 

activation and plasma IL-6 levels were similar in recovery between conditions. It is 36 

concluded that unaccustomed, damaging eccentric exercise with low muscle glycogen of the 37 

m. quadriceps femoris: i) exacerbated low-frequency fatigue, but ii) had no additional effect 38 

on IL-6 secretion. Neuromuscular impairment after eccentric exercise with low muscle 39 

glycogen appears to have a greater peripheral component in early recovery. 40 

 41 

Keyword: interleukin-6, eccentric exercise, muscle glycogen 42 

 43 

New & Noteworthy 44 

Athletes may perform muscle damaging exercise as part of training routines. Muscle-45 

damaging eccentric exercise initiated with low muscle glycogen does not seem to exacerbate 46 

substantially the functional responses. In fact, voluntary force production and voluntary 47 

activation were not affected. In addition, muscle-damaging eccentric exercise with low 48 

muscle glycogen does not result in enhanced interleukin-6 levels. 49 
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 50 

Introduction 51 

Exercise-induced muscle damage from unaccustomed eccentric contractions is 52 

characterized by myofibrillar disruption, insulin resistance (1, 33), muscle soreness (28), 53 

neuromuscular dysfunction (16, 70), and inflammation (55). Such indicators of muscle 54 

damage can be observed immediately after the exercise or with a delayed response, however, 55 

the occurrence of unaccustomed intense eccentric contractions is not necessarily required. 56 

Neuromuscular dysfunction, for example, is common after prolonged, submaximal exercise 57 

involving primarily concentric contractions, such as level running. Level running is partly 58 

maintained by the breakdown of muscle glycogen with the glycogen depletion rate related to 59 

the intensity of the exercise (22). In addition, the performance of prolonged exercise is known 60 

to be associated with glycogen availability (4). During the recovery from prolonged exercise, 61 

the replenishment of glycogen stores is required to restore neuromuscular function, and is of 62 

particular importance particularly when the performance is repeated over days (15). After 63 

concentric exercise, the replenishment of muscle glycogen is completed around 48 h later 64 

(59), whereas it can take over 10 days following eccentrically-biased, damaging exercise (50) 65 

due to the transient insulin resistance. Therefore, exercise repeated over days (i.e. athletic 66 

training) may be undertaken with incomplete glycogen replenishment. Although the effects of 67 

glycogen availability has been established for exercise involving non-damaging contractions, 68 

it is not known whether indicators of muscle damage from eccentric contractions such as 69 

neuromuscular dysfunction and markers of inflammation would be affected by glycogen 70 

availability.  71 

Many studies have reported on the inflammatory exercise response, with different 72 

exercise models, and quantified this by an increase in interleukin-6 (IL-6). An increase in 73 

interleukin-6 was shown following muscle-damaging eccentric exercise (39), although this 74 
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has not been a consistent observation (31). Increases in IL-6 are also common after non-75 

damaging exercise and are produced primarily within skeletal muscle (53), but also in the 76 

central nervous system (49) and ligamentous tissue (35): concentrations of IL-6 can increase 77 

up to 100-fold (57). It is thought that IL-6 may work as an energy sensor with local and 78 

systemic effects (58). Furthermore, the IL-6 response is related to exercise intensity (25, 37), 79 

duration (67), glucose availability during exercise (9, 10, 18), and glycogen availability (57).  80 

Exercise with low muscle glycogen is known to affect metabolic pathways (21, 27, 81 

36) and may be linked with transcriptional control of exercise-responsive genes (60, 65). 82 

With glycogen availability to be closely linked to neuromuscular fatigue and a potent 83 

stimulator of the IL-6 response with concentric exercise, the neuromuscular and plasma IL-6 84 

responses for eccentric exercise with reduced muscle glycogen have not been examined. An 85 

augmented IL-6 response following eccentric exercise may provide a metabolic signal to 86 

meet the substrate demand of damaged muscle to enhance recovery.  87 

The aim of the present investigation was to examine the neuromuscular dysfunction, 88 

muscle soreness and plasma IL-6 response after muscle damaging eccentric muscle with 89 

reduced muscle glycogen. It was hypothesized that muscle-damaging eccentric exercise with 90 

reduced muscle glycogen would result in larger neuromuscular dysfunction and higher 91 

plasma IL-6 levels.  92 

 93 

Method 94 

Participants 95 

Twelve physically active males (age 23 ± 4 years, height 179 ± 5 cm, body mass 77 ± 96 

10 kg, body fat 14.4 ± 3.8%, V̇O2max 54 ± 9 mL∙kg∙min-1, mean ± SD) provided written 97 

informed consent for study participation. Participants refrained from resistance training five 98 
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days prior to each evening pre-testing visit until 48 h following downhill running, were free 99 

from musculoskeletal injury, had no history of joint problems and were instructed not to use 100 

anti-inflammatory methods. Participants scored 3.9 ± 0.9 on the Pittsburgh Sleep Quality 101 

Index (8) indicating good sleep quality and no confounding effect on IL-6 levels (62). 102 

Approval for the study was obtained from the University of Chichester Ethics Committee. 103 

 104 

Experimental Design 105 

Neuromuscular function, muscle soreness, blood glucose, blood lactate and plasma 106 

IL-6 responses were measured after eccentric exercise under two conditions 1) downhill 107 

running with normal glycogen (NG) and 2) downhill running with reduced glycogen (RG)] 108 

for up to 48 h. A schematic of the experimental procedures is presented in Figure 1. The end 109 

of the downhill run (i.e. 0 h-post) is selected as the zero time point with 14 h-pre baseline 110 

measurements before the cycling protocol and 12 h-pre measurements after the cycling 111 

protocol (Figure 1). Participants visited the laboratory for two pre-testing visits and five 112 

experimental visits for each of the NG and RG conditions, respectively. For the 1st 113 

experimental visit of each condition, participants arrived in the evening before the 2nd visit 114 

the next day to perform the glycogen-reducing cycling protocol or the control condition, i.e. a 115 

seated rest on the cycle ergometer. The following morning, participants completed the 116 

downhill treadmill running protocol; with visits three to five at 12, 24 and 48 h after downhill 117 

running (i.e. 12 h-post, 24 h-post and 48 h-post, respectively). Neuromuscular responses were 118 

also measured immediately before and following the glycogen-reducing cycling protocol or 119 

control (i.e. 14 h-pre and 12 h-pre, respectively) and before and after downhill running (i.e. 1 120 

h-pre, 0 h-post, 12 h-post, 24 h-post and 48 h-post) (Figure 1). Downhill running conditions 121 

were completed at least six weeks apart in randomized order. Blind-selection was used to 122 

randomly allocate run order (normal glycogen condition first, n = 5; reduced glycogen 123 
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condition first, n = 7). Participants were instructed to arrive hydrated, and not to have 124 

performed strenuous physical activity in the 24 h before each visit. For the evening session 125 

with the glycogen-reducing cycling protocol, participants were advised to consume a light 126 

meal consumed 3 h before, and instructed to consume no caffeine for the 12 h before. 127 

Thereafter, participants fasted until after the downhill running the next morning but water 128 

could be taken ad libitum. Participants self-recorded their habitual food intake in the 48 h 129 

preceding, and following the first downhill running condition. The self-recorded food intake 130 

was then prescribed for the subsequent condition. Each experimental session started with an 131 

explanation of the experimental procedures, followed by blood sampling, muscle soreness 132 

measurement and neuromuscular testing. Anthropometric characteristics were determined in 133 

the first pre-testing visit. Time of arrival for evening and morning sessions of the first 134 

condition were replicated for the second condition. 135 

 136 

Pre-testing Sessions 137 

In the first visit, height, body mass and skinfolds (Harpenden Skinfold Callipers, Baty 138 

Int., West Sussex, UK) for determination of body fat percentage (29, 74) were measured. 139 

Subsequently, participants completed a maximal incremental cycling protocol to establish the 140 

intensity for the glycogen-reducing cycling protocol. Using an electronically braked, 141 

computer programmed ergometer (Excalibur Sport 925900, Lode, Groningen, the 142 

Netherlands), participants maintained a ~75 rpm cadence at 50 W for 3 min with 10 W 143 

increments every 20 s until volitional exhaustion (51). Expired air was analysed breath-by-144 

breath using a portable metabolic cart (Cosmed K4b2, Rome, Italy) to establish maximum 145 

oxygen uptake (i.e. 𝑉̇O2max). At least 48 h later, in the second visit, participants completed a 146 

submaximal incremental running protocol to determine the running speed for the downhill 147 
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treadmill running protocol. For warm up, participants ran for 5 min at 8 km∙h-1 (1% gradient) 148 

on a pre-calibrated powered treadmill (Pulsar, h/p/Cosmos Sports & Medical GmbH, 149 

Germany). Starting speed for the running protocol was 8 km∙h-1 (1% gradient) with 150 

increments of 1 km∙h-1 every 4 min, until eight stages were completed or volitional 151 

exhaustion was reached. Fingertip capillary blood samples were taken in the final 30 s of 152 

each stage into EDTA-coated microvettes (Sarstedt Aktiengesellschaft & Co., Nümbrecht, 153 

Germany) and analysed for blood lactate (2300 STAT Plus™ analyser, YSI Life Sciences, 154 

Yellow Springs, USA). Lactate analysis software (46) was used to calculate the running 155 

speed at the lactate threshold, which was used for the downhill running conditions. 156 

 157 

Glycogen-Reducing Cycling Protocol 158 

The protocol was modified from procedures used by Thomson et al. (80) and Osborne 159 

and Schneider (51). Thomson et al. (80) used for the glycogen reducing cycling a 60 rpm 160 

cadence, and muscle biopsy to establish glycogen levels in healthy males. Participants visited 161 

the laboratory in the evening (between 19:05 and 19:50 h) for the glycogen-reducing cycling 162 

protocol, 3 h after a light meal. Participants cycled at ~75 rpm for 10 min at 50% 𝑉̇O2max to 163 

warm up; then at 60% 𝑉̇O2max until volitional exhaustion, determined by an inability to 164 

maintain a cadence above 50 rpm. Cycling at this intensity until volitional exhaustion 165 

depleted total muscle glycogen by 77% and type I fiber glycogen by 95% (78). Mean time-to-166 

exhaustion in the present study was 95 ± 13 min. 167 

 168 

Downhill Running 169 

The morning after the evening glycogen-reducing cycling protocol, participants ran 170 

downhill (-12% gradient) at their individual level running lactate threshold speed (12.1 ± 1.1 171 
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km·h-1). Participant running speed, footwear and start time (± 5 min) were the same for both 172 

conditions. Five, 8 min stages were performed, each separated by 2 min rest intervals of level 173 

jogging (1% gradient; 8 km·h-1) (17). Downhill runs (NG and RG) were performed in a 174 

temperature controlled laboratory (~20°C). 175 

 176 

Neuromuscular Function 177 

Maximal Isometric Force 178 

Participants were seated with the hip and knee in 90° flexion, and secured at the chest 179 

and waist. The right ankle was connected proximally at the fibular notch and medial 180 

malleolus with a steel chain to a calibrated s-beam load-cell (RS 250 kg, Tedea Huntleigh, 181 

Cardiff, UK). Force exerted by the m. quadriceps femoris was sampled at 1000 Hz and 182 

displayed (Chart 4, v4.1.2, AD Instruments, Oxford, UK) on a desktop computer screen in 183 

front of the subjects. Neuromuscular responses of m. quadriceps femoris were recorded from 184 

the right leg with participants seated on a custom-made chair. Neuromuscular procedures 185 

began with a warm up consisting of three, ~5 s submaximal contractions (i.e. 50% of 186 

maximal voluntary isometric contraction [iMVC]). Subsequently, isometric strength of the m. 187 

quadriceps femoris was recorded with participants producing three maximal voluntary 188 

isometric contractions (iMVC) of about 3-5 seconds (with superimposed doublet, see below 189 

for more details on doublet stimulation) with verbal encouragement and visual feedback 190 

provided by the investigator. Rest period between iMVCs was 2-min. When there was more 191 

than 10% difference between the contractions producing the highest and lowest isometric 192 

contraction, further attempts were permitted. Maximal isometric force was calculated as the 193 

highest mean force value over a 0.5 s period of the contraction.  194 

 195 

Doublet Stimulation 196 
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Percutaneous electrical stimulation was delivered with a DS7A electrical stimulator 197 

controlled with a NeuroLog pulse generator (Digitimer Ltd, Welwyn Garden City, UK) using 198 

two saline soaked electrodes (9 x 18 cm), positioned in the proximal and distal part of the 199 

upper leg. The position of the electrodes was marked to ensure identical placement in 200 

subsequent visit. Participants were familiarized for the neuromuscular testing procedures. 201 

Determination of maximal twitch force was initiated with 100 mA current, after which, 50 202 

mA increments were administered until further increase resulted in no change in twitch force. 203 

To confirm maximal current, the current was then increased by a further 10%. The 204 

submaximal stimulation level represented the current that evoked a twitch force equivalent to 205 

5% of an individual’s iMVC force.  Procedures for maximal and submaximal twitch 206 

assessment were determined for the NG and RG condition; within each condition, stimulation 207 

currents were established at the beginning of the evening session (submaximal current, NG: 208 

113.7 ± 13.2 mA; RG: 116.9 ± 16.5 mA), then referred to up until the final, 48 h-post time-209 

point. Doublet stimulation was delivered ~1 s before (resting), during the iMVC plateau 210 

(superimposed) and ~1 s following contraction (potentiated). Voluntary activation for 211 

indication of central fatigue was determined according to the resting (VAR) and potentiated 212 

(VAP) doublet (61). Percent voluntary activation was calculated as follows: 213 

 214 

VAR (%) = [1 – (superimposed doublet x (Tb/iMVC) x resting doublet)] x 100%   (1) 215 

 216 

VAP (%) = [1 – (superimposed doublet x (Tb/iMVC) x potentiated doublet)] x 100%  (2) 217 

 218 

When the superimposed doublet occurred prior to, or preceding the voluntary peak force, the 219 

correction technique of Strojnik and Komi (77) was used: Tb = force immediately before or 220 

after superimposed doublet. Superimposed doublet amplitude was reassessed, according to 221 
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force immediately preceding the superimposition, in addition to the peak force value. This 222 

calculation assumes a linear relation between peak force and superimposed doublet. The 223 

original equation is corrected when Tb lies within 96% of maximal contraction force (42, 77). 224 

Rejection criteria for the doublet stimulation were: force traces displaying no clear plateau 225 

before the superimposed doublet; a superimposed doublet administered when force was not 226 

at, or close to, maximum; when the volunteer perceived their effort as submaximal when 227 

receiving doublet stimulation (73). 228 

 229 

Low-frequency Fatigue 230 

The neuromuscular protocol concluded with 20 and 50 Hz stimulations at rest. The 231 

submaximal twitch current, as described above under doublet stimulation (normal condition, 232 

113.7 ± 13.2 mA; reduced condition, 116.9 ± 16.5 mA) was delivered over 0.5 s as 20 and 50 233 

Hz stimulations to the right m. quadriceps femoris. Stimulations were repeated and 234 

administered in a random order [coefficient of variation (CV) ranged across time-points from: 235 

1.1% to 3.2% for 20 Hz, and 1.0% to 2.1% for 50 Hz tetani]. Force responses for each 236 

frequency were averaged, and the low-to-high frequency force (20:50 Hz) ratio was 237 

calculated. A decrease in the ratio indicates the presence of low-frequency fatigue (LFF) (30). 238 

 239 

Perceived Muscle Soreness 240 

Perceived muscle soreness was assessed using a visual analog scale, ranging from 0 241 

(no pain) to 10 (extreme pain). Soreness of the m. quadriceps femoris was determined prior to 242 

maximal strength by the same investigator: at rest, during passive stretch, and during 243 

voluntary contraction (40) for each experimental time-point. Each method was performed 244 

seated on the strength-testing chair, and involved verbal instruction and presentation of the 245 

visual scale. For palpation, the investigator exerted enough pressure over the mid-portion of 246 
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the muscle group to cause blanching under the fingernail (26). Passive stretch involved the 247 

investigator manually moving the leg from ~90° knee flexion, towards ~0° flexion, until the 248 

participant expressed they could no longer tolerate movement. Voluntary contraction 249 

involved contracting the m. quadriceps femoris from ~90° knee flexion to full extension 250 

(knee aligned horizontally with the ankle) over a 3 s period. 251 

 252 

Plasma Interleukin-6  253 

Blood was drawn from the antecubital vein using a Precision Glide needle™ into a 254 

3.0 mL EDTA-treated tube (BD Vacutainer®, Franklin Lakes, New Jersey, USA). The 255 

sample was then centrifuged for 15 min at 1,000 g within 10 min of collection (Centurion 256 

Scientific Ltd, Stoughton, West Sussex). Plasma was then aliquoted into a 3.0 mL 257 

polystyrene no-anticoagulant tube (International Scientific Supplies Ltd, Bradford, West 258 

Yorkshire) and stored at -20°C for further IL-6 analysis. Plasma was analysed in duplicate 259 

using IL-6 Quantikine high-sensitivity enzyme-linked immunosorbent assay (ELISA) kits 260 

according to recommended instructions (R&D Systems Europe Ltd, Abingdon, UK). Plates 261 

coated with mouse IL-6 monoclonal antibody were prepared with assay diluent, before the 262 

addition of samples or standards. Assay incubations were performed at room temperature on 263 

a horizontal orbital microplate shaker (Mikroshaker 20T, Camlab Ltd, UK) at 500 rpm. After 264 

a 2 h incubation period, plates were washed and 200 µL IL-6 conjugate antibody was added 265 

to individual wells. After 2 h, plates were washed, then the following procedure concluded: 266 

addition of 50 µL substrate solution, 1 h benchtop incubation, addition of 50 µL amplifier 267 

solution, 30 min benchtop incubation, and then addition of 50 µL stop solution. Within 5 min, 268 

the optical density of each well was read with a TECAN GeNios microplate reader (TECAN, 269 

Reading, UK) using 490 nm absorbance, and 650 nm correction wavelengths. Plasma IL-6 270 

concentration was determined by plotting standard concentration data points (concentration 271 
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against corrected reading), before applying a four-parameter logistic fit. Detection limits were 272 

0.7 (lower) and 300 pg·mL-1 (upper). Intra- and inter-assay CV were 4.8% and 5.4%, 273 

respectively. 274 

 275 

Data Analysis 276 

The effect of glycogen reduction was examined using a two-way repeated measures 277 

ANOVA to detect change from baseline values for each variable; pre-planned paired samples 278 

t-tests were subsequently used to detect significant difference between conditions (normal 279 

and reduced glycogen) and time-points [pre cycling (14 h-pre), post cycling or rest (12 h-pre), 280 

pre downhill running (1 h-pre), and after downhill running (0 h-post, 12 h-post, 24 h-post and 281 

48 h-post)]. Greenhouse-Geisser correction was applied where assumptions of sphericity 282 

were violated. Pearson’s correlation coefficients were calculated for: i) downhill running 283 

speed and immediate IL-6 concentration, and ii) downhill running end blood lactate and 284 

plasma IL-6 concentrations. Cohen’s effect size was calculated with values interpreted as 0.2 285 

for small, 0.5 for moderate, and 0.8 for large differences (79). Statistical significance was 286 

accepted at P<0.05. Interpretation of 0.05>P ≤0.1 was according to guidelines by Curran-287 

Everett & Benos (13). Data are presented as mean ± SD. Statistical analyses were conducted 288 

using IBM SPSS Statistics, version 20 (IBM Corp, Armonk, NY). 289 

 290 

Results 291 

Glycogen-reducing Cycling Protocol 292 

Blood glucose was decreased by 32% from 4.7 ± 0.4 to 3.2 ± 0.5 mmol·L-1 (P < 0.01, 293 

d = -3.31) and lactate increased by 66% from 0.87 ± 0.2 to 2.5 ± 0.8 mmol·L-1 (P < 0.01, d = 294 

2.81) after the glycogen reduction cycling protocol. Before downhill running the next 295 
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morning, glucose was still reduced at 3.6 ± 0.4 mmol·L-1 (P < 0.01, d = -2.75) and lactate had 296 

returned to baseline (0.83 ± 0.3 mmol·L-1, P = 0.6, d = -0.12).  297 

In the control condition, there was a trend for glucose to decrease from 4.3 ± 0.6 to 298 

3.9 ± 0.2 mmol·L-1 (P = 0.1, d = -0.89) with lactate slightly elevated from 0.77 ± 0.2 to 0.97 299 

± 0.3 mmol·L-1 (P = 0.03, d = 0.78), with both returned to baseline the following morning 300 

(glucose: 4.1 ± 0.6 mmol·L-1, P = 0.7, d = -0.33; lactate: 0.71 ± 0.2 mmol·L-1, P = 0.3, d = -301 

0.30). 302 

 303 

Maximal Isometric Force 304 

Downhill running bouts were separated by at least 6 weeks; there was no evidence of an order 305 

effect for post-exercise force loss immediately after the run (run 1: -19 ± 1%, run 2: -15 ± 306 

1.8% , P = 0.43) and muscle soreness (run 1: 3.6 ± 1.6, run 2: 4.5 ± 2.0 , P = 0.12). 307 

Glycogen reduction by cycling had an effect (F(1,11) = 20.6, P < 0.01) on  maximal isometric 308 

force of the m. quadriceps femoris. Maximal isometric force was decreased immediately after 309 

the glycogen reduction cycling protocol by 20.8% (from 647 ± 112 N to 512 ± 95 N, P < 310 

0.01, d = -1.24) with no changes in the control condition. Following downhill running, 311 

maximal isometric force was decreased by 24.6% (from 593 ± 98 N to 475 ± 99 N, P < 0.01, 312 

d = -1.20) and 27.7% (from 564 ± 114 N to 468 ± 93 N, P < 0.01, d = -0.93) for normal and 313 

reduced glycogen conditions (Figure 2), respectively. In the normal glycogen condition, 314 

maximal isometric force was still decreased at 12 h-post (527 ± 106 N, 16.6%, P = 0.02, d = -315 

0.96), 24 h-post (540 ± 109 N, 14.5%, P = 0.01, d = -0.83) and 48 h-post (556 ± 105 N 316 

12.1%, P = 0.01, d = -0.71). For the reduced glycogen condition, maximal isometric force 317 

remained decreased at 12 h-post (537 ± 89 N, 17%, P < 0.01, d = -1.03), 24 h-post (529 ± 100 318 

N, 18.2%, P < 0.01, d = -1.06) and 48 h-post (528 ± 97 N,18.4%, P < 0.01, d = -1.08). At 319 
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each time-point during recovery from downhill running, maximal isometric force values were 320 

similar for both conditions.  321 

 322 

Doublet Force Parameters 323 

During rest, the doublet force showed a condition x time interaction (F(1,11) = 6.3, P < 0.01) 324 

(Figure 3). The doublet force was reduced after the glycogen-reducing cycling protocol by 325 

22.6% (from 84 ± 16 N to 65 ± 17 N, P < 0.01, d = -1.15) and unchanged in the control 326 

condition (80 ± 18 N and 83 ± 19 N, P = 0.2, d = 0.17). The next morning before the 327 

downhill running, the doublet force was at baseline values in both conditions (80 ± 16 N, 328 

glycogen reduced, d = -0.28; 80 ± 20 N, normal d = -0.01, both P > 0.05). Immediately after 329 

downhill running, the doublet force was reduced by 25.4% for the low glycogen condition 330 

(from 84 ± 16 N to 63 ± 12 N, P < 0.01, d = -1.51), and 17.6% for the control condition (from 331 

80 ± 18 N to 66 ± 18 N, P < 0.01, d = -0.77). For the low glycogen condition, the doublet 332 

force remained decreased at 12 h-post (65 ± 17 N, 22.7%, P < 0.01, d = -1.17) and 24 h-post 333 

(66 ± 16 N, 20.9%, P < 0.01, d = -1.12), with a trend to be lower at 48 h-post (74 ± 17 N, P = 334 

0.1, d = -0.63). In the control condition, the doublet force was reduced at 12 h-post (67 ± 20 335 

N, 16.2%, P < 0.01, d = -0.69), 24 h-post (66 ± 21 N, 18.2%, P < 0.01, d = -0.75) and 48 h-336 

post (63 ± 18 N, 21.5%, P < 0.01, d = -0.96). Contraction time of the doublet displayed no 337 

time (F(1,11) = 0.631, P = 0.70) or condition effect (F(1,9) = 0.112, P = 0.75) (Figure 4). 338 

Average rate of force development showed no time (F(1,10) = 1.156, P = 0.30) or condition 339 

effect (F(1,10) = 0.117, P = 0.70) (Figure 5). A time effect was seen for half-relaxation time 340 

(F(1,10) = 21.8, P < 0.01), with no difference between conditions at similar time-points (Figure 341 

6). 342 

 343 

Voluntary Activation 344 
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There was a time (F(1,10) = 8.7, P < 0.01), but no condition effect (F(1,10) = 0.365, P = 0.5) for 345 

voluntary activation for the resting doublet (i.e. VAR) (Figure 7). Voluntary activation for the 346 

resting doublet was decreased after the glycogen-reducing cycling protocol  (from 95.8 ± 347 

2.3% to 91.3 ± 4.2%, P < 0.01, d = -1.33) and was returned to baseline the next morning (P = 348 

0.5, d = -0.34). After downhill running with low muscle glycogen, voluntary activation for 349 

the resting doublet was reduced at 0 h-post (90.1 ± 3.0%, d = -2.13), at 12 h-post (91.8 ± 350 

2.8%, d = -1.56), 24 h-post (90.6 ± 2.3%, d = -2.26) and 48 h-post (91.2 ± 2.6%, d = -1.87) 351 

(all P < 0.01). In the normal condition, voluntary activation for the resting doublet was 352 

decreased at 0 h-post (from 94.9 ± 3.1% to 89.7 ± 3.5%, d = -1.57), at 12 h-post (90.6 ± 353 

3.4%, d = -1.32), 24 h-post (90.2 ± 4.0%, d = -1.31) and 48 h-post (90.1 ± 3.5%, d = -1.45) 354 

(all P < 0.01). For voluntary activation of the potentiated doublet (i.e. VAP), there was a time 355 

effect (F(1,11)=16.3, P < 0.01, d = 0.59), but no condition effect (F(1,11) = 0.681, P = 0.4, d = 356 

0.06, Figure 8). Voluntary activation for the potentiated doublet was decreased after the 357 

glycogen-reducing cycling protocol (from 96.2 ± 2.1% to 93.0 ± 3.0%, P < 0.01, d = -1.24) 358 

and returned to baseline the next morning. After downhill running with low muscle glycogen, 359 

voluntary activation for the potentiated doublet was reduced at 0 h-post (91.7 ± 2.5%, d = -360 

1.95) at 12 h-post (92.5 ± 2.0%, d = -1.80), 24 h-post (92.0 ± 1.9%, d = -2.10), and 48 h-post 361 

and (92.1 ± 2.0%, d = -2.00) (all P < 0.05). In the normal condition after downhill running, 362 

voluntary activation for the potentiated doublet was reduced at 0 h-post (from 95.3 ± 2.5% to 363 

91.3 ± 2.9%, d = -1.48), at 12 h-post (91.6 ± 3.0%, d = -1.34), 24 h-post (91.9 ± 3.1%, d = -364 

1.21) and 48 h-post (91.1 ± 3.2%, d = -1.46) (all P < 0.01).  365 

 366 

20 Hz and 50 Hz Force Responses 367 

The force at 20 Hz stimulation displayed a significant condition x time effect (F(1,11)=3.4, P < 368 

0.01) (Figure 9). After the glycogen-reducing cycling protocol, the force at 20 Hz was 369 



16 

 

reduced by 17.9% (from 133.6 ± 39.5 N to 109.7 ± 29.5 N, P = 0.03, d = -0.69), and returned 370 

to baseline the next morning (P > 0.05, d = 0.20). Following downhill running with low 371 

muscle glycogen, the force at 20 Hz was reduced at 0 h-post by 18.2% (109.3 ± 26.4 N, , P < 372 

0.01, d = -0.72), at 12 h-post by 18.3% (109.1 ± 35.6 N, P = 0.02, d = -0.65) with a trend for 373 

a decrease at 24 h-post by 16.7% (111.3 ± 36.7 N, P = 0.07, d = -0.58) and 48 h-post by 374 

11.7% (118.0 ± 29.7 N, P = 0.1, d = -0.45). In the control condition, the force at 20 Hz was 375 

decreased at 0 h-post by 21.5% (from 129.3 ± 35.3 N to 102.8 ± 28.9 N, P = 0.01, d = -0.82), 376 

with a trend for a decrease at 12 h-post by 14% (111.3 ± 47.3 N, P = 0.11, d = -0.43), and a 377 

decrease at 48 h-post by 19.5% (104.1 ± 40.4, P = 0.02, d = -0.66). Between the conditions, 378 

there was only a difference in force at 20 Hz as a result of the glycogen-reducing cycling 379 

protocol (P = 0.04).  380 

The force at 50 Hz stimulation showed a time (F(1,11) = 5.8, P < 0.01, d = 0.35), but no 381 

condition effect (F(1,11) = 3.8, P = 0.5, d = 0.03). Following downhill running with low muscle 382 

glycogen, the force at 50 Hz was reduced only at 24 h-post by 16.7% (from 168.5 ± 57.0 N to 383 

144.4 ± 48.6 N, P = 0.05, d = -0.46). In the control condition, the force at 50 Hz was reduced 384 

only after 48 h-post by 19.2% (from 157.7 ± 51.1 N to 127.5 ± 54.6 N, P = 0.04, d = -0.57) 385 

(Figure 10).  386 

Low-to-high frequency ratio exhibited a significant condition x time effect 387 

(F(1,11)=17.4, P < 0.01, d = 0.61; Figure 11). The glycogen-reducing cycling protocol resulted 388 

in a reduced ratio by 20.3% (from 0.80 ± 0.06 to 0.60 ± 0.12, P < 0.01, d = -2.11). A reduced 389 

ratio was also present at 0 h-post by 15.4% (0.65 ± 0.07, P < 0.01, d = -2.30) and 12 h-post 390 

by 7.7% (0.73 ± 0.05, P < 0.01, d = -1.27) (Figure 11). Recovery for low-to-high frequency 391 

was complete by 24 h-post (P = 0.2). In the condition with normal glycogen, the ratio was 392 

decreased at 0 h-post by 10.7% (from 0.84 ± 0.10 to 0.70 ± 0.09, P < 0.01, d = -1.47) and 12 393 

h-post by 3% (0.77 ± 0.07, P < 0.01, d = -0.81). The relative ratio decrease was substantially 394 
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greater at 0 h-post (P = 0.02, d = 0.57) and 48 h-post (P = 0.03, d = 0.84) in the reduced 395 

glycogen condition with moderate and large effects, respectively. 396 

 397 

Perceived Muscle Soreness 398 

Soreness of the m. quadriceps femoris in rest showed a significant condition x time 399 

interaction (F(1,10)=17.9, P < 0.01, d = 0.64) (Figure 12). Soreness was similar at 14 h-pre, 400 

becoming greater after the glycogen-reducing cycling protocol, in comparison to normal 401 

glycogen (P = 0.01). Soreness was still elevated above normal the following morning, before 402 

(from 1.2 ± 0.4 to 2.1 ± 1.0, P = 0.05), and immediately after downhill running for the 403 

reduced glycogen condition (3.9 ± 1.8, P = 0.03). Thereafter, no difference existed between 404 

conditions. 405 

Perceived soreness under contraction (F(1,10)=17.2, P < 0.01, d = 0.63) (Figure 13) and during 406 

passive stretch (Figure 14) exhibited significant condition x time effects (F(1,10)=12.6, P < 407 

0.01, d = 0.56) with no differences between conditions during the recovery from downhill 408 

running. 409 

 410 

Interleukin-6 Response 411 

Plasma IL-6 concentration displayed a significant condition x time effect (F(1,10)=24.7, P < 412 

0.01, d = 0.71; Figure 15). After the glycogen-reducing cycling protocol, IL-6 was increased 413 

above baseline (from 0.69 ± 0.34 pg·mL-1 to 8.1 ± 3.05 pg·mL-1, P < 0.01, d  = 3.40), as well 414 

as at 0 h-post (4.49 ± 2.92 pg·mL-1, P < 0.01, d  = 1.94), 12 h-post (2.28 ± 2.0 pg·mL-1, P = 415 

0.02, d  = 1.07), 24 h-post (1.03 ± 0.71 pg·mL-1, P = 0.05, d  = 0.73), and 48 h-post (1.10 ± 416 

0.84 pg·mL-1, P = 0.04, d  = 0.76). In the normal glycogen condition, IL-6 was elevated at 0 417 

h-post (from 0.59 ± 0.21 pg·mL-1 to 4.32 ± 3.17 pg·mL-1, P < 0.01, d = 1.66) and at 12 h-post 418 
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(2.01 ± 1.64 pg·mL-1, P = 0.02, d = 1.22). There were no differences between IL-6 values at 419 

similar time-points during recovery from downhill running in both conditions. 420 

No significant correlation was observed for downhill running speed and immediate IL-6 421 

response for normal (r = -0.03, P = 0.4) and glycogen-reduced condition (r = 0.30, P = 0.3). 422 

No significant correlation was observed between blood lactate at the end of the downhill run 423 

and immediate IL-6 response in normal (r = -0.78, P = 0.4) and reduced glycogen condition 424 

(r = 0.46, P = 0.14). 425 

 426 

Discussion 427 

The main finding of the present study was that the change in the low-to-high frequency force 428 

ratio after muscle-damaging eccentric exercise was greater when the exercise was performed 429 

with low muscle glycogen. Aside from greater muscle soreness in rest immediately after 430 

downhill running with reduced glycogen, there were no differences in voluntary strength, 431 

doublet force, muscle soreness, voluntary activation losses, and plasma IL-6 responses 432 

between conditions up to 48 h later. These findings suggest that impaired neuromuscular 433 

function following muscle-damaging exercise with reduced muscle glycogen is derived 434 

predominantly from peripheral mechanisms. That no condition effect was seen for plasma IL-435 

6 levels, and doublet responses at 24 h-post and 48 h-post after eccentric exercise may 436 

indicate partial muscle glycogen recovery. 437 

As far as we know, this is the first study to examine the effect of low muscle glycogen 438 

during muscle-damaging eccentric exercise on the IL-6 response and central and peripheral 439 

fatigue mechanisms. During prolonged, submaximal exercise, glycogen availability becomes 440 

critical to maintain performance (24). We used an established cycling protocol, shown to 441 

result in significant lowering of muscle glycogen as quantified with muscle biopsy (80), to 442 

investigate whether neuromuscular and IL-6 responses would be altered for a subsequent bout 443 
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of damaging, eccentric exercise. Glycogen reduction was substantiated by an inability to 444 

sustain workload during preliminary cycling, decreased blood glucose (-31.9%) and 445 

voluntary activation of the m. quadriceps femoris (-4.5%) after the cycling exercise, in 446 

addition to elevated blood lactate (2.5 mmol·L-1). Responses to glycogen reduction cycling 447 

were in line with earlier work examining prolonged cycling on neuromuscular fatigue (38). 448 

Glycogen reduction cycling induced a -20.8% decrement in maximal voluntary force 449 

production, alongside voluntary activation losses (-4.5%, VAR, -3.2%, VAP). The exhaustive 450 

cycling also caused significant depression in resting doublet response (-22.6%) and low-to-451 

high frequency force ratio (-20.3%). Half-relaxation time was also shorter (-23%) and muscle 452 

soreness slightly elevated (1.3) immediately after the cycling. Cycling exercise involves the 453 

m. quadriceps femoris performing, primarily, concentric contractions, and consequently 454 

elicits less muscle damage than running exercise. Prior to eccentric exercise, neuromuscular 455 

function, IL-6 and blood lactate levels were fully recovered; slight changes were seen for 456 

decreased maximal voluntary force and increased tenderness. Downhill running induced 457 

similar immediate maximal voluntary force losses in normal (-24.6%), and reduced glycogen 458 

(-27.7%) conditions. Accompanied reductions in doublet response of -14.1% for normal 459 

glycogen, and -25.4% for the glycogen reduction condition, demonstrate decreased 460 

contractile excitation with reduced muscle glycogen. Impaired neuromuscular propagation for 461 

the reduced glycogen condition may be explained by the additive effect of i) an initial failure 462 

in Ca2+ release after exhaustive cycling and, ii) an elevated intracellular Ca2+ concentration 463 

due to exercise-induced ultrastructural damage after downhill running. Disturbed Ca2+ 464 

homeostasis is known to arise from reduced muscle glycogen concentration. Chin and Allen 465 

(11) stimulated rat skeletal muscle with repeated tetani reducing glycogen content to ~25%. 466 

Lowered muscle glycogen was associated with diminished force, Ca2+ release, and fatigue 467 

attributed to excitation-contraction (E-C) coupling failure. It was purported that with depleted 468 
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glycogen and PCr, ATP concentration may temporarily decrease prior to declines in force 469 

production and Ca2+ release. Decreased ATP levels would, therefore, disrupt E-C coupling. 470 

More recently, Green and co-workers (23) identified close association between Ca2+ release 471 

and fatigue induced by 2 h cycling exercise at 62% V̇O2peak. Consistent with Chin and Allen’s 472 

(11) observation, was a greater decrease in low-to-high frequency force ratio following 473 

exhaustive cycling, and then after eccentric exercise up to 24 h-post in the glycogen reduced 474 

condition. However, similar to Booth and colleagues (5), we observed decreased maximal 475 

force of the m. quadriceps femoris, but faster muscle relaxation time after prolonged, 476 

exhaustive cycling. These authors induced fatigue with 75% V̇O2peak cycling (time-to-477 

exhaustion, 72 ± 4 min) which caused 90% glycogen depletion, lowered Ca2+ uptake and 478 

twitch response depressed by -45% in untrained males. Fatigue is normally attended by 479 

maximal force loss and slower muscle relaxation due to impaired Ca2+ uptake. Booth et al. 480 

(5) proposed that the dissociation between reduced Ca2+ uptake and slowed muscle relaxation 481 

could be explained by exercise intensity. Higher cycling intensities may have reduced Ca2+ 482 

uptake to a critical threshold, leading to slower relaxation time. Our findings of faster half-483 

relaxation times after glycogen reduction cycling, and eccentric exercise in both conditions 484 

may be more associated to intensity and damage, as opposed to rise intramuscular 485 

temperature. That half-relaxation rate was accelerated in the 12 h following eccentric exercise 486 

could potentially relate to a transient increased cross-bridge detachment, since the m. 487 

quadriceps femoris did not perform any external, dynamic work during post-eccentric 488 

measures. Supporting Chin and Allen’s (11) assertion, fatiguing exercise decreased muscle 489 

glycogen, in addition to ATP (-20%) and PCr (-58%). We observed near recovery of 490 

neuromuscular function for the glycogen reduced condition prior to downhill running. Yet, as 491 
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blood glucose remained lower and tenderness higher from the onset of damaging exercise, no 492 

doubt cellular and metabolic disturbances remained (23). 493 

Substantial mechanical stress incurred by eccentric exercise presents ultrastructural 494 

disruption, leading to reduced sarcoplasmic reticulum Ca2+ release and elevated sarcoplasmic 495 

Ca2+ concentration, thus impairing E-C coupling processes (12, 64). Eccentric exercise is 496 

known to induce morphological damage and E-C uncoupling in animals (78) and humans 497 

(47). Upon completion of damaging exercise, we observed greater impairment in doublet 498 

response for the glycogen reduced condition (normal, -14.1%; reduced, -25.4%). 499 

Interestingly, where doublet force was recovered by 48 h in the reduced glycogen condition, 500 

it was still significantly depressed for the normal glycogen condition (-21.5%). There was a 501 

non-significant trend towards higher force loss in the reduced glycogen condition at 12 h-post 502 

(normal, -16.2%; reduced, -22.7%) and 24 h-post (normal, -18.2%; reduced, -20.9%). These 503 

data would suggest a greater, immediate decline in neuromuscular propagation, with faster 504 

recovery in the glycogen reduced condition. Similar response was seen for the 20 Hz force, 505 

but not for maximal voluntary strength or voluntary activation indices. Under normal 506 

conditions, consistent doublet force loss throughout recovery was due to muscle damage. 507 

Under reduced glycogen conditions, greater transient doublet loss may be due to impaired 508 

Ca2+ release disrupting E-C coupling processes. The flux between performing: fatiguing, 509 

concentric exercise that transiently lowers Ca2+ release; and then damaging, eccentric 510 

exercise that may elevate intramuscular Ca2+ concentration may mediate the rapid recovery 511 

for reduced glycogen state. Commencing eccentric exercise with lowered intramuscular Ca2+ 512 

levels would not prevent damage, but may ‘offset’ Ca2+ accumulation seen under normal 513 

conditions. 514 

Another mechanism for the depressed doublet response is a rightward shift in the length-515 

tension relationship of the m. quadriceps femoris. This shift would change optimum force 516 
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production to longer muscle lengths (63). For the same joint angle, doublet force would, 517 

therefore, be underestimated. However, as length-tension properties are mechanical, and not 518 

metabolic, lowered muscle glycogen would likely have minimal influence. 519 

Low-frequency fatigue (LFF) arises due to disrupted E-C coupling via Ca2+ induced 520 

ultrastructural damage (11, 82). LFF of the m. quadriceps femoris is common after eccentric 521 

(41, 68, 81) and endurance exercise (44, 45). To date, no studies have examined the force-522 

frequency characteristics of the m. quadriceps femoris after eccentric exercise preceded by 523 

prolonged, exhaustive exercise. We observed a decreased 20 Hz response after eccentric 524 

exercise in the glycogen reduced condition up until 12 h-post, after which a trend was 525 

displayed (-16.7%, 24 h-post; -11.7%, 48 h-post). Low frequency force was similarly 526 

depressed under normal conditions, albeit still significantly 48 h-post. These temporal 527 

responses are comparable to those previously discussed for the doublet response, further 528 

evidencing a peripheral component with reduced glycogen. LFF was greater immediately 529 

after eccentric exercise with reduced glycogen (-15.4% loss), than with normal glycogen (-530 

10.7%). Post 12 h, LFF was present for the reduced (-7.7%), and less so for the normal 531 

glycogen condition (-3%). Thereafter, LFF was non-significantly decreased for the glycogen-532 

reduced condition (-2.8%, 24 h-post; -2.7%, 48 h-post), but not for the normal glycogen 533 

condition (1.2%, 24 h-post; 2.6%, 48 h-post). Marginal decreases in LFF with reduced 534 

glycogen, indicates near recovery one day after downhill running, but LFF remained two 535 

days later. For normal glycogen, LFF appeared less severe and subsided sooner in this cohort. 536 

Our data is not dissimilar to low-to-high frequency alterations immediately (~-17%) and 30 537 

min (~-10%) after 30 min downhill running with active males (41). Our LFF data, again, may 538 

relate to differences in intramuscular Ca2+ sensitivity, with decreased tetanic Ca2+ with 539 

reduced glycogen damage. Therefore, muscle glycogen availability seems to enhance the 540 

recovery E-C coupling processes after exercise-induced muscle damage. Symptoms of LFF 541 
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have been documented in the plantarflexors after 5 h cross-country running in trained males 542 

(20). Although not ultra-endurance distance, it is likely our downhill protocol fatigued lower 543 

leg musculature as our cohort consisted of untrained, participants unaccustomed to repeated 544 

stretch-shortening cycles and ground-reaction forces. Greater negative work is done by the 545 

plantarflexors during downhill running, in comparison to flat running (6). Glycogen reduction 546 

cycling did not induce long-lasting fatigue upon the knee extensors. However, as the 547 

plantarflexors perform more work from early stance during downhill motion (34), if pre-548 

fatigued, altered kinematics may induce different neuromuscular fatigue of the m. quadriceps 549 

femoris. 550 

Our voluntary activation observations document persistence of central fatigue, irrespective of 551 

muscle glycogen state. Decreased neural drive to active muscle is a suggested neuromuscular 552 

mechanism limiting further trauma to the muscle-tendon unit (66). Attendant muscle 553 

tenderness may indicate group III and IV muscle afferent activity, which can modulate 554 

neuromuscular function at the spinal (2) and/or motor cortex level (43). Recently, Behrens 555 

and co-workers (3) failed to find association between voluntary activation and muscle 556 

soreness in the 72 h recovery from maximal eccentric knee extensions. However, early force 557 

loss influenced by decreased voluntary activation and impaired contractile parameters, 558 

whereas prolonged force loss was attributed to altered contractile parameters. We observed 559 

similar voluntary activation losses for normal and reduced glycogen conditions, which 560 

remained decreased 48 h after the eccentric exercise. Where the doublet response and low-to-561 

high frequency force recover within 24 h, voluntary activation showed little recovery two 562 

days later. Voluntary activation decrease was greatest immediately after eccentric exercise. 563 

Previously, Millet et al. (45) reported a -7.6% loss in voluntary activation of the m. 564 

quadriceps femoris following a 30 km run. Although more severe, a long-distance run would 565 

be expected to cause both glycogen depletion and muscle damage, albeit over a longer 566 
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duration. Burnley and associates (7) recently described a critical threshold for the onset of 567 

knee extensor neuromuscular fatigue. Findings from isometric submaximal contractions have 568 

implications for downhill running; particularly the transition from low-to-high intensity 569 

contractions, as consequence of neuromuscular impairment, and therefore increased force 570 

requirement. Divergent neuromuscular fatigue profiles were suggested, according to 571 

contraction intensity, upon which reduced glycogen may impose greater metabolic stress, and 572 

therefore unique neuromuscular damage.  573 

The emergence of muscle soreness was not concordant with the peak inflammatory response 574 

represented by IL-6. Soreness peaked between 24 h-post and 48 h-post for both conditions, 575 

whereas the highest IL-6 levels were seen post glycogen reduction cycling and immediately 576 

after eccentric exercise. In addition to prolonged IL-6 recovery, these indicate a rapid 577 

inflammatory response determined by muscle contraction and ultrastructural damage. Earlier, 578 

Deschenes et al. (14) found decreased knee extensor neuromuscular efficiency more 579 

persistent than elevations in IL-1β and creatine kinase following a bout of maximal eccentric 580 

contractions. These authors reported greatest soreness at 48 h, and a bimodal IL-1β response, 581 

with peaks at 24 h and seven days. We may have observed similar with an extended recovery 582 

period, however this is unlikely given that IL-6 concentrations were 1.1±0.8 pg∙mL-1 and 583 

1.18±0.6 pg∙mL-1 at 48 h-post for reduced and normal glycogen conditions, respectively. 584 

Our IL-6 concentrations immediately following downhill running (normal, 4.32 ± 3.2 pg∙mL-585 

1; reduced, 4.49 ± 2.9 pg∙mL-1) were lower than those found by Robson-Ansley et al. (69) 586 

after ~40 min flat running (6.9 ± 2.5 pg∙mL-1). Running exercise is a potent stimulator of 587 

blood-borne IL-6 (19, 54). Although we both measured plasma IL-6 after treadmill running 588 

of similar durations, disparities may be explained by participant training status and exercise 589 

intensity. Robson-Ansley et al. (69) had trained runners perform a flat 10 km treadmill time-590 

trial, whereas we had non-trained, recreationally active males completing a downhill (-12%) 591 
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treadmill run. Difference in energy cost for level- and downhill running is reflected in that we 592 

found post-exercise lactate and glucose concentrations of 1.9 ± 0.9 mmol∙L-1 and 4.6 ± 0.5 593 

mmol∙L-1; whereas Robson-Ansley et al. (69) reported concentrations of 6.9 ± 2.4 mmol∙L-1 594 

and 7.0 ± 1.9 mmol∙L-1. Furthermore, endurance training has been reported to attenuate IL-6 595 

response following an acute bout of knee extension exercise (19, 32). Therefore, the IL-6 596 

concentrations seen for downhill running may have been even lower with trained individuals. 597 

However, Scott and co-workers (72) found that training status did not influence plasma IL-6 598 

activity after exhaustive running. Upon volitional exhaustion following 60 min of treadmill 599 

running (65% V̇O2max), with repeated bouts (70% V̇O2max), IL-6 concentration was similar 600 

between untrained (29.9 ± 13.2 pg∙mL-1) and endurance-trained males (31.9 ± 21.5 pg∙mL-1). 601 

Exercising to exhaustion caused a pronounced acute IL-6 response, yet concentrations had 602 

returned to baseline by 24 h. Herein, increased IL-6 and decreased voluntary activation were 603 

seen at 48 h post-eccentric under both conditions, providing evidence of long-lasting 604 

neuromuscular and metabolic perturbations. 605 

Upon commencing exercise, muscle glycogen content is a major determinant of IL-6 mRNA 606 

in active muscle (19). The IL-6 response to acute, endurance exercise is stimulated by 607 

increasing intensity (25, 71) and reduced muscle glycogen content (9), yet attenuated by 608 

carbohydrate ingestion (48, 75). Herein, muscle glycogen state had scant effect on blood-609 

borne IL-6 response. Elsewhere similar IL-6 levels have been reported following marathon 610 

running under carbohydrate-fed and control conditions (48). An explanation may be the 611 

relatively low exercise intensity, and duration for our downhill protocol. Helge et al. (25) 612 

reported greater IL-6 release with increasing exercise intensity and glucose uptake for the 613 

knee extensors. Furthermore, work capacity was required to exceed 65% maximum to induce 614 

significant knee extensor IL-6 release. Comparisons are difficult considering they adopted 615 
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concentric contractions in isolation, whereas as we used eccentric contractions during whole-616 

body exercise. During glycogen depletion with increasing exercise intensity, substrate 617 

demand is met by hepatic glucose output. Considering that IL-6 elevates hepatic release (76), 618 

and circulating IL-6 is induced by high intensity and prolonged activity, one would expect 619 

enhanced glucose delivery to the exercising musculature. We observed that plasma IL-6 was 620 

recovered to resting levels the morning after glycogen reducing exercise. Therefore, i) 621 

preliminary exercise may not have reduced glycogen content to threshold values required to 622 

induce significant IL-6 response, or ii) the intensity of the eccentric exercise may have been 623 

insufficient to evoke noticeable response between conditions. With similar participants, 624 

Ostapiuk-Karolczuk et al. (52) reported that muscle damage closely was associated with the 625 

pro-inflammatory response after 90 min downhill running at 65% V̇O2max. Immediate IL-6 626 

response was seen post-exercise, with concentrations reach peak at 6 h post. Muscle damage 627 

was evidenced by creatine kinase release, yet this provides little information regarding 628 

muscular performance. 629 

Our study demonstrated that commencing unaccustomed, damaging exercise with lowered 630 

muscle glycogen of the m. quadriceps femoris: i) exacerbated LFF, and ii) had no additional 631 

effect on plasma IL-6 response. However, reduced muscle glycogen did not influence the 632 

recovery of voluntary force loss, voluntary activation and soreness. These results indicate 633 

neuromuscular impairments following muscle damaging activity derive from peripheral 634 

origins with lowered glycogen availability. Evidence for peripheral neuromuscular 635 

mechanisms are as follows, i) E-C coupling disturbance as reflect by decreased LFF ratio, ii) 636 

depressed doublet response, and iii) similar voluntary maximal force and activation loss. 637 

Therefore, initial force loss following eccentric exercise may be attributed to peripheral 638 

mechanisms, particularly E-C coupling disruption with lowered muscle glycogen. Evidence 639 
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for this was seen in the prolonged recovery of low-to-high frequency force ratio. Prolonged 640 

force loss seemed to be governed by central mechanisms, independent of glycogen 641 

availability. These findings have implications for individuals performing successive bouts of 642 

exercise involving glycogen depletion, and muscle damage. From a mechanistic standpoint, 643 

our data demonstrate neuromuscular fatigue profiles following damaging exercise are 644 

influenced by muscle glycogen availability. 645 
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 869 

 870 

 871 

 872 

Figure Captions 873 

 874 

Figure 1. Schematic of the experimental procedures. The end of the downhill run was 875 

selected as the zero time point (i.e. 0 h-post). Arrows indicate the time points for recordings 876 

of neuromuscular function, muscle soreness and blood sampling for glucose, lactate and IL-6. 877 

14 h-pre was baseline before the cycling protocol initiating the reduced glycogen condition or 878 

rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre 879 
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was before the downhill running protocol. Participants underwent cycling or rest the evening 880 

before next morning’s downhill running in random order and six weeks apart. 881 

 882 

Figure 2. Isometric maximal voluntary contraction (iMVC) force of the knee extensors in 883 

normal and reduced glycogen conditions. The end of the downhill run was selected as the 884 

zero time point (i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol initiating the 885 

reduced glycogen condition or rest for the normal glycogen condition. 12 h-pre was after the 886 

cycling protocol or rest. 1 h-pre was before the downhill running protocol. Data are presented 887 

as mean ± SD. * Significant difference between conditions, $ Significant difference from 888 

baseline (i.e. 14 h-pre) for the reduced glycogen condition, # Significant difference from 889 

baseline (i.e. 14 h-pre) for the normal condition, P<0.05. 890 

 891 

Figure 3. Doublet peak force of the knee extensors in normal and reduced glycogen 892 

conditions. The end of the downhill run was selected as the zero time point (i.e. 0 h-post). 14 893 

h-pre was baseline before the cycling protocol for the reduced glycogen condition or rest for 894 

the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre was 895 

before the downhill running protocol. Data are presented as mean ± SD. * Significant 896 

difference between conditions, $ Significant difference from baseline (i.e. 14 h-pre) for the 897 

reduced glycogen condition, # Significant difference from baseline (i.e. 14 h-pre) for the 898 

normal condition, P<0.05. 899 

 900 

Figure 4. Doublet contraction time of the knee extensors in normal and reduced glycogen 901 

conditions. The end of the downhill run was selected as the zero time point (i.e. 0 h-post). 14 902 

h-pre was baseline before the cycling protocol for the reduced glycogen condition or rest for 903 
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the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre was 904 

before the downhill running protocol. Data are presented as mean ± SD. 905 

 906 

Figure 5. Doublet average rate of force development of the knee extensors in normal and 907 

reduced glycogen conditions. The end of the downhill run was selected as the zero time point 908 

(i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen 909 

condition or rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or 910 

rest. 1 h-pre was before the downhill running protocol. Data are presented as mean ± SD. 911 

 912 

Figure 6. Doublet half relaxation time of the knee extensors in normal and reduced glycogen 913 

conditions. The end of the downhill run was selected as the zero time point (i.e. 0 h-post). 14 914 

h-pre was baseline before the cycling protocol for the reduced glycogen condition or rest for 915 

the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre was 916 

before the downhill running protocol. Data are presented as mean ± SD. $ Significant 917 

difference from baseline (i.e. 14 h-pre) for the reduced glycogen condition, # Significant 918 

difference from baseline (i.e. 14 h-pre) for the normal condition, P<0.05. 919 

 920 

Figure 7. Voluntary activation (resting doublet) of the knee extensors in normal and reduced 921 

glycogen conditions. The end of the downhill run was selected as the zero time point (i.e. 0 h-922 

post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen condition or 923 

rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre 924 

was before the downhill running protocol. Data are presented as mean ± SD. $ Significant 925 

difference from baseline (i.e. 14 h-pre) for the reduced glycogen condition, # Significant 926 

difference from baseline (i.e. 14 h-pre) for the normal condition, P<0.05. 927 

 928 
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Figure 8. Voluntary activation (potentiated doublet) of the knee extensors in normal and 929 

reduced glycogen conditions. The end of the downhill run was selected as the zero time point 930 

(i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen 931 

condition or rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or 932 

rest. 1 h-pre was before the downhill running protocol. Data are presented as mean ± SD. 933 

$ Significant difference from baseline (i.e. 14 h-pre) for the reduced glycogen condition, # 934 

Significant difference from baseline (i.e. 14 h-pre) for the normal condition, P<0.05. 935 

 936 

Figure 9. 20 Hz force response for normal and reduced glycogen conditions following 937 

eccentric exercise. The end of the downhill run was selected as the zero time point (i.e. 0 h-938 

post). 14 h-pre was baseline before the cycling protocol or rest. 12 h-pre was after the cycling 939 

protocol or rest. 1 h-pre was before the downhill running protocol. Data are presented as 940 

mean ± SD. * Significant difference between conditions, $ Significant difference from 941 

baseline (i.e. 14 h-pre) for the reduced glycogen condition, # Significant difference from 942 

baseline (i.e. 14 h-pre) for the normal condition., P<0.05. 943 

 944 

Figure 10. 50 Hz force response for normal and reduced glycogen conditions following 945 

eccentric exercise. The end of the downhill run was selected as the zero time point (i.e. 0 h-946 

post). 14 h-pre was baseline before the cycling protocol or rest. 12 h-pre was after the cycling 947 

protocol or rest. 1 h-pre was before the downhill running protocol. Data are presented as 948 

mean ± SD. 949 

 950 

Figure 11. Low-to-high frequency ratio change in normal and reduced glycogen conditions 951 

following eccentric exercise. The end of the downhill run was selected as the zero time point 952 

(i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol or rest. 12 h-pre was after 953 
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the cycling protocol or rest. 1 h-pre was before the downhill running protocol. Data are 954 

presented as mean ± SD. $ Significant difference from baseline (i.e. 14 h-pre) for the reduced 955 

glycogen condition, # Significant difference from baseline (i.e. 14 h-pre) for the normal 956 

condition, * Significant difference between conditions, P<0.05. 957 

 958 

Figure 12. Perceived muscle soreness in rest of the knee extensors in normal and reduced 959 

glycogen conditions. The end of the downhill run was selected as the zero time point (i.e. 0 h-960 

post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen condition or 961 

rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or rest. 1 h-pre 962 

was before the downhill running protocol. Data are presented as mean ± SD. * Significant 963 

difference between conditions, $ Significant difference from baseline (i.e. 14 h-pre) for the 964 

reduced glycogen condition, # Significant difference from baseline (i.e. 14 h-pre) for the 965 

normal condition, P<0.05. 966 

 967 

Figure 13. Perceived muscle soreness during contraction of the knee extensors in normal and 968 

reduced glycogen conditions. The end of the downhill run was selected as the zero time point 969 

(i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen 970 

condition or rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or 971 

rest. 1 h-pre was before the downhill running protocol. Data are presented as mean ± SD. * 972 

Significant difference between conditions, $ Significant difference from baseline (i.e. 14 h-973 

pre) for the reduced glycogen condition, # Significant difference from baseline (i.e. 14 h-pre) 974 

for the normal condition, P<0.05. 975 

 976 
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Figure 14. Perceived muscle soreness during stretch of the knee extensors in normal and 977 

reduced glycogen conditions. The end of the downhill run was selected as the zero time point 978 

(i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol for the reduced glycogen 979 

condition or rest for the normal glycogen condition. 12 h-pre was after the cycling protocol or 980 

rest. 1 h-pre was before the downhill running protocol. Data are presented as mean ± SD. * 981 

Significant difference between conditions, $ Significant difference from baseline (i.e. 14 h-982 

pre) for the reduced glycogen condition, # Significant difference from baseline (i.e. 14 h-pre) 983 

for the normal condition, P<0.05. 984 

 985 

Figure 15. Plasma interleukin-6 (IL-6) concentration measured under normal and reduced 986 

glycogen conditions following eccentric exercise. The end of the downhill run was selected 987 

as the zero time point (i.e. 0 h-post). 14 h-pre was baseline before the cycling protocol or rest. 988 

12 h-pre was after the cycling protocol or rest. 1 h-pre was before the downhill running 989 

protocol. Data are presented as mean ± SD. * Significant difference between conditions, 990 

$ Significant difference from baseline (i.e. 14 h-pre) for the reduced glycogen condition, # 991 

Significant difference from baseline (i.e. 14 h-pre) for the normal condition, P < 0.05. 992 

 993 
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