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New & Noteworthy 17 

Earlier studies demonstrate that purified preparations of skeletal muscle phosphorylase are 18 

inactivated by the nitrating/oxidizing agent peroxynitrite, which results in tyrosine nitration 19 

of the enzyme, and anti-oxidants block inactivation incurred by the oxidant. Here we show 20 

that exogenous peroxynitrite also results in nitration of phosphorylase as well as inhibition 21 

of accumulation of glycogenolytic intermediates in isolated intact mouse skeletal muscle 22 

during short-term repeated contractions. However, repeated contractions in the absence of 23 

exogenous peroxynitrite do not result in nitration of phosphorylase, nor does the addition 24 

of anti-oxidants alter glycogenolysis during repeated contractions. Thus phosphorylase is 25 

not subject to redox control during repeated contractions. 26 

  27 
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Abstract 28 

Phosphorylase is one of the most carefully studied proteins in history, but knowledge of its 29 

regulation during intense muscle contraction is incomplete. Tyrosine nitration of purified 30 

preparations of skeletal muscle phosphorylase results in inactivation of the enzyme and 31 

this is prevented by antioxidants. Whether an altered redox state affects phosphorylase 32 

activity and glycogenolysis in contracting muscle is not known. Here, we investigate the 33 

role of redox state in control of phosphorylase and glycogenolysis in isolated mouse fast-34 

twitch (extensor digitorum longus, EDL) and slow-twitch (soleus) muscle preparations 35 

during repeated contractions. Exposure of crude muscle extracts to H2O2 had little effect 36 

on phosphorylase activity. However, exposure of extracts to peroxynitrite (ONOO-), a 37 

nitrating/oxidizing agent, resulted in complete inactivation of phosphorylase (half maximal 38 

inhibition at ~200 µM ONOO-), which was fully reversed by the presence of an ONOO-39 

scavanger, dithiothreitol (DTT). Incubation of isolated muscles with ONOO- resulted in 40 

nitration of phosphorylase and marked inhibition of glycogenolysis during repeated 41 

contractions. ONOO- also resulted in large decreases in high-energy phosphates (ATP and 42 

phosphocreatine) in the rested state and following repeated contractions. These metabolic 43 

changes were associated with decreased force production during repeated contractions (to 44 

~60% of control). In contrast, repeated contractions did not result in nitration of 45 

phosphorylase, nor did DTT or the general antioxidant N-acetylcysteine alter 46 

glycogenolysis during repeated contractions. These findings demonstrate that ONOO- 47 

inhibits phosphorylase and glycogenolysis in living muscle under extreme conditions. 48 

However, nitration does not play a significant role in control of phosphorylase and 49 

glycogenolysis during repeated contractions. 50 

 51 

  52 
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Introduction 53 

Glycogen is a glucose polymer and the storage form of glucose in skeletal muscle. 54 

Glycogen breakdown is catalyzed by glycogen phosphorylase, which is regulated by 55 

phosphorylation, substrate availability (glycogen and inorganic phosphate, Pi) and 56 

allosterically (activated by AMP) (5, 12, 16, 29). Although phosphorylase is one of the 57 

most carefully studied proteins in history, it is unknown how high rates of activity are 58 

achieved during muscle contraction. It has been hypothesized that transient increases of 59 

AMP at the enzymatic site during contraction are primarily responsible for the activation 60 

of phosphorylase under such conditions (18, 20, 21). However, direct evidence for this 61 

explanation is lacking. Alternative mechanisms of regulation of phosphorylase have been 62 

presented, including inhibition by acetylation (47) and reactive oxygen/nitrogen species 63 

(RONS) (10, 26). The primary oxygen free radical is the superoxide anion (O2*-), whereas 64 

the primary nitrogen free radical is nitric oxide (NO*). More details on redox biology are 65 

available elsewhere (24, 31, 32). The possibility that redox state can control phosphorylase 66 

activity is intuitively attractive considering that this mode of regulation impacts on various 67 

other processes in muscle during contraction, including regulation of contractile proteins 68 

and metabolism (6, 17, 31). Indeed, aging leads to a decrease in skeletal muscle 69 

phosphorylase activity that is associated with increased nitration of the enzyme (35). 70 

Similarly, exposure of C2C12 myotubes to exogenously administered peroxynitrite 71 

(nitrating/oxidizing agent) inhibits phosphorylase activity and glycogenolysis (10). 72 

Moreover, we previously observed that exposure of isolated muscle preparations to a 73 

general antioxidant (N-acetylcysteine, NAC), enhances the accumulation of glucose 6-P 74 

during short-term repeated contractions (19). This observation could not be explained by 75 

activation of glucose transport or inhibition of glycolysis. Possibly, NAC may prevent 76 

oxidation of phosphorylase and thereby enhance enzyme activity.  77 

Glycogen is an important energy substrate for many forms of physical exercise. Defects in 78 

its metabolism can affect muscle performance and are associated with various myopathies, 79 

including muscular dystrophy and glycogen storage diseases (7, 21, 40, 48). Exercise-80 

mediated increases in ROS can have both positive and negative effects on cell function 81 

depending on the levels achieved and the targets in questions (24). Whether redox state 82 

alters phosphorylase activity and glycogenolysis in contracting muscle is not known. In 83 
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this study we examine whether redox state plays a significant role in control of 84 

phosphorylase and glycogenolysis in isolated muscle preparations during repeated 85 

contractions. 86 

 87 

Methods and Materials  88 

Ethical approval. All procedures were conducted in accordance with the revised European 89 

Directive 2010/63/EU and were approved by the Ariel University animal ethics committee 90 

(IL-149-01-18) and the Regional Ethical Review Board in Stockholm (N19/15). Animal 91 

experiments were performed at Ariel University and Karolinska Institutet. 92 

Animals. Adult male mice (C57Bl/6JOlaHSd) aged 8-12 weeks (~25 g) were housed at 93 

room temperature (24°C) on a 12:12-h light-dark cycle. Food and water were provided ad 94 

libitum. Animals were killed by cervical dislocation. Extensor digitorum longus (EDL, 95 

fast-twitch, glycolytic) and soleus (SOL, slow-twitch, oxidative) muscles were isolated. 96 

Materials. Unless stated otherwise, all reagents and enzymes were purchased from Sigma 97 

or Roche. D-[U-14C]-glucose-1-P and uridine diphosphate (UDP)-[U-14C]-glucose were 98 

from Perkin-Elmer, and peroxynitrite (ONOO-) from Calbiochem-Novabiochem. ONOO- 99 

concentration was determined by spectrophotometry at 302 nm (ε=1.67 mM-1 cm-1). 100 

Primary antibody against phosphorylase was from Abcam (Ab81901) and against 3-101 

nitrotyrosine was from Sigma (N0409), and the secondary IRDye® donkey anti-rabbit 102 

antibody was from LI-COR (926-32213).  103 

Oxidants and phosphorylase activity in crude extracts. Muscles were incubated for 30 min 104 

post-surgery to recover from any trauma (which may result in activation of phosphorylase) 105 

in a Tyrode solution containing (in mM): 121 NaCl, 5 KCl, 1.8 CaCl2, 0.5 NaH2PO4, 0.4 106 

MgCl2, 24 NaHCO3, 0.1 EDTA, 5.5 glucose, constantly gassed with 5% CO2:95% O2 to 107 

yield a final pH of 7.4 at 25°C, then frozen in liquid N2 and freeze dried. This procedure 108 

resulted in muscle preparations where phosphorylase activity was generally ≥90% in the 109 

non-phosphorylated b form (see below). The muscles were homogenized (100 µl/mg dry 110 

wt) with a motor-driven ground glass homogenizer in an ice-cold buffer consisting of (in 111 

mM): 10 EDTA, 50 KF and 30% glycerol (v/v), pH 7.0, and centrifuged at 4°C (10,000 x 112 
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g). The supernatant was diluted with diluting buffer (2:1). Samples were then diluted 1:1 113 

to yield the required final concentrations of hydrogen peroxide (H2O2, 0-1000 µM) or 114 

ONOO- (0-1000 µM) and incubated for 30 min at 30°C. Thereafter, samples were assayed 115 

at 30°C for phosphorylase activity following the incorporation of D-[U-14C]glucose-1-P 116 

into glycogen, as described elsewhere (18). Assays were performed in the absence and 117 

presence of 3.3 mM AMP to determine Phos a (phosphorylated enzyme) and Phos a+b 118 

(total, phosphorylated and non-phosphorylated) activity, respectively. The concentrations 119 

of glycogen (6.7 mg/ml) and glucose 1-P (66 mM) in the reaction mixture were the same 120 

in the absence and presence of AMP.  121 

Stimulation. Silk sutures were tied to the tendons and paired muscles were mounted in 122 

separate electrical stimulation chambers bathed in Tyrode solution (World Precision 123 

Instruments), where one tendon was attached to a fixed hook and the other to a force 124 

transducer on an adjustable holder that allowed for alteration of muscle length. Electrical 125 

stimulation was performed with platinum electrodes lying parallel to muscles using current 126 

pulses of 0.5 ms duration (150% of the current required to elicit maximal force). Ten min 127 

after mounting, optimal length for generation of maximal isometric tetanic force was set 128 

with 100 ms trains at 70 Hz. Muscles were then allowed to recover for 30 min before 129 

starting the experiment. 130 

Isometric tetanic contractions were performed for 300 ms at a frequency of 70 Hz in EDL 131 

and 600 ms at a frequency of 50 Hz in SOL. A single contraction was performed at baseline 132 

followed by addition of drug (2 mM ONOO-, 10 mM DTT or 20 mM NAC) or diluent 133 

(5.25 mM NaOH, 5 mM or 10 mM NaCl) for 30 min (60 min for NAC). Thereafter a series 134 

of 10 repeated contractions (duty cycle 1/s) was performed. Muscles were subsequently 135 

frozen rapidly in liquid N2 and freeze-dried. Non-stimulated muscles were frozen at the 136 

same time of incubation. A general scheme for the contraction experiments is presented in 137 

Fig. 1. 138 

Analyses. Force signals were recorded online with LabScribe2 software (iWorx, NH, USA) 139 

and stored on a personal computer for subsequent analysis. Freeze-dried muscles were 140 

powdered, thoroughly mixed and divided into two aliquots. One aliquot was homogenized 141 

(200 µl/mg dry wt), processed and analyzed for phosphorylase activity (see above). Part of 142 
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the supernatant prepared for phosphorylase analysis was diluted and analyzed for glycogen 143 

synthase (GS) activity following the incorporation of glucose from UDP-[U-14C]glucose 144 

into glycogen at 30°C (18). GS assay was performed with low (0.17 mM, GSL) or high (7.2 145 

mM, GSH) glucose 6-P, with total activity indicated by GSH and fractional activity 146 

calculated by GSL/GSH. All assays were performed under conditions that were linear with 147 

respect to time and extract volume. The second aliquot was extracted in ice-cold 0.5 M 148 

perchloric acid, centrifuged, neutralized with 2.2 M KHCO3 and centrifuged again. The 149 

final supernatant was analyzed for metabolites (high energy phosphates, creatine, glucose 150 

6-P, lacate, malate and inorganic phosphate [Pi]) using enzymatic techniques (changes in 151 

NAD[P]H) adapted for fluorometry (25). To correct for variability in solid non-muscle 152 

constituents, metabolite values were adjusted for total creatine (sum of phosphocreatine 153 

[PCr] and creatine) (TCr) within each treatment group. TCr was not significantly altered 154 

under any condition studied (EDL [n=120] 107.3±1.5 µmol/g dry wt; SOL [n=124] 155 

68.3±1.0 µmol/g dry wt). 156 

Commercial ONOO- is provided in 4.7% (1.78 M) NaOH solution (yielding a maximal 157 

final concentration of 5.25 mM in the medium bathing the muscles). Paired controls were 158 

therefore incubated in corresponding volumes (and concentrations) of NaOH. The highest 159 

concentration of NaOH used (5.25 mM) as diluent did not affect enzyme activity or force 160 

generation (data not shown). 161 

Immunoprecipitation. Intact whole EDL or soleus muscles were homogenized in ice-cold 162 

buffer (10 mM Tris-maleate, 100 mM KCl, 2 mM MgCl2, 2 mM EGTA, 2 mM Na4P2O7, 163 

1 mM NaVO4, 25 mM KF, and protease inhibitor [Roche, 1 tablet/50 ml], pH 7.4). The 164 

lysates were incubated for 45 min on ice and then centrifuged at 1,000 x g for 10 min. The 165 

supernatants were collected, and protein concentration measured with the Bradford assay 166 

(Bio-rad). Equal amounts of protein (250 µg) were incubated with 3 µl of 3-nitrotyrosine 167 

antibody overnight at 4°C, followed by addition of 12 µl of magnetic Dynabeads protein 168 

G beads (ThermoFisher Scientific, 10003D) and 2 hours of incubation at 4°C. After 169 

washing, samples were eluted with 30 µl of Laemmli 1X buffer (Bio-rad, 1610747) and 170 

boiled 4 min at 90°C. Immunoblotting was then performed as previously described (38). 171 

Briefly, 25 µl of each sample were separated by gel electrophoresis and transferred onto a 172 

PDVF membrane (Immobilon-FL, Millipore). Membranes were incubated with anti-173 
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phosphorylase antibody 1:1000, washed and incubated with secondary antibody 174 

(1:15,000). Membranes were scanned in the LI-COR Odyssey Infrared Imaging System 175 

and quantified with Image Studio Lite Ver 5.2. 176 

Calculations. Anaerobic ATP turnover was calculated as follows: -2∆ATP - ∆PCr + 177 

(1.5∆lactate) (18), where ∆ is the mean contraction value minus the mean basal value. 178 

Similarly, glycogenolysis was calculated as follows: ∆glucose 6-P + (0.5∆lactate). In these 179 

calculations, it is assumed that during short term intense contractions all lactate production 180 

is from glycogen and there is no loss of lactate into the medium (18). Under such 181 

conditions, the absolute changes in glycogen are relatively small and will therefore not 182 

reflect glycogenolysis as accurately as the changes in glycogenlytic intermediates (4, 18). 183 

Statistical. Values are given as mean ± SD. Statistical significance was set at P<0.05 and 184 

significant differences between means were determined with paired t-tests. 185 

 186 

Results 187 

Oxidants and phosphorylase activity in crude extracts. Initially, we assessed the effect of 188 

H2O2, commonly studied in free radical research, on phosphorylase activity in crude 189 

extracts. H2O2 exhibited only minor inhibition, and even at the highest concentration of 1 190 

mM yielded inhibitions that ranged only from 15-25% in EDL muscle and about 20% in 191 

soleus muscle (Fig. 2). This minor inhibition was abolished by DTT (Fig. 2), a reducing 192 

agent that prevents formation of disulfide bonds (23). DTT did not alter phosphorylase 193 

activity in the absence of H2O2 (Fig. 2). Recently, it was demonstrated that H2O2 potently 194 

inhibited purified preparations of the brain form of phosphorylase but had only a minor 195 

effect on the muscle isoform of the enzyme (~25% inhibition at 250 uM H2O2) and no 196 

effect on the liver isoform (26). Thus, our results on crude muscle extracts are in agreement 197 

with the latter findings on purified muscle preparations (26). 198 

Next, we examined the effect of the oxidizing and nitrating agent ONOO- on phosphorylase 199 

activity in crude extracts. In contrast to H2O2, ONOO- resulted in marked inhibition of 200 

enzyme activity, with complete inhibition at 1000 uM and half-maximal inhibition at ~200 201 

uM (Fig. 3). Similar kinetics were observed in EDL and soleus muscles. Again, DTT 202 



 Redox state and phosphorylase during contraction 8 

(which appears to function as an ONOO- scavenger (10)) fully abolished the inhibition of 203 

phosphorylase. These results are also similar to those reported earlier on purified rabbit 204 

muscle phosphorylase (10).  Noteworthy is that the value for half maximal inhibition of 205 

phosphorylase is similar to that for ONOO--mediated inhibition of force generation in 206 

myofibrils isolated from rabbit psoas muscle (inhibitory constant = 167 µM) (30). We are 207 

not aware of reliable estimates of ONOO- concentrations in skeletal muscle, but since 208 

nitration of muscle proteins has been observed in diseased states (38) aging (35) and after 209 

exercise training (3), it follows that ONOO- concentrations can reach sufficient levels to 210 

induce nitration, i.e., low micromolar levels (39). 211 

ONOO-, metabolism and force. Since ONOO- potently inhibited phosphorylase activity in 212 

crude extracts, we wished to determine whether it also affected glycogenolysis in isolated, 213 

intact muscles. Therefore, in the next series, muscles were incubated for 30 min in either 214 

ONOO- (2000 uM, owing to rapid decomposition (<100 ms) and potential delay in cell 215 

penetration, a higher concentration was deemed necessary for isolated preparations, cf Fig. 216 

3) or diluent (5.2 mM NaOH).  In the basal state, 30 min exposure to ONOO- resulted in 217 

marked metabolic stress, as judged by large decreases in ATP and PCr in both EDL and 218 

soleus muscle (Table 1). Surprisingly, there was little change in Pi. There was also a large 219 

increase in glucose 6-P in both muscle groups exposed to ONOO-, likely due to an 220 

activation of glucose transport (i.e., translocation of GLUT4 transporters) owing to 221 

oxidative/metabolic stress and/or direct effects of ONOO- on glucose transporters (13-15, 222 

42). Interestingly, lactate and malate (whose increase reflects an activation of 223 

mitochondrial respiration (4, 46)) decreased substantially in both EDL and soleus muscles. 224 

The latter observations would be consistent with ONOO--mediated inhibition of glycolysis 225 

and mitochondrial respiration (22, 45), which would also explain the decreases in high 226 

energy phosphates (see above). Inhibition of glycolysis could also contribute to the ONOO-227 

-mediated increase in glucose 6-P in the basal state.   Following repeated contractions, the 228 

increases in lactate and malate observed in control EDL muscles were markedly diminished 229 

in the muscles exposed to ONOO-. ATP remained stable in control following contractions, 230 

but continued to decrease in the ONOO--treated muscles. PCr decreased and Pi increased 231 

to similar extents in both groups after contractions. Glucose 6-P was significantly higher 232 

after contraction in both EDL and soleus following exposure to ONOO-. However, this can 233 
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be explained by the elevated glucose 6-P contents in the basal state in the ONOO--treated 234 

muscles. Forces were well preserved in both EDL and soleus muscles under control 235 

conditions during the repeated contractions (Fig. 4). However, ONOO- treatment resulted 236 

in significant decreases in force already in the first contraction in both muscle groups 237 

(albeit more so in the soleus than in the EDL). Force continued to deteriorate thereafter in 238 

the EDL, but remained stable in the soleus. The most striking observation from these data 239 

is that the increases in glucose 6-P and lactate observed during stimulation in the control 240 

muscles were virtually abolished in the ONOO--treated muscles. The likely explanation for 241 

this is that phosphorylase and, consequently, glycogenolysis were inhibited by ONOO-. 242 

However, these experiments were performed in oxygenated muscles, which precludes 243 

accurate estimates of glycogenolysis and energy turnover. Therefore, subsequent 244 

experiments were performed in the presence of sodium cyanide (NaCN), to inhibit 245 

cytochrome oxidase and, thereby, mitochondrial respiration.  246 

Recently, we found that exposure to NaCN for 5 min at 30°C resulted in marked 247 

degradation of PCr and accumulation of lactate in EDL and soleus muscle (4). This 248 

precluded accurate estimates of glycogenolysis and ATP turnover during subsequent 249 

intense short-term contractions. The current experiments were performed at 25°C, but 250 

addition of NaCN still resulted in substantial metabolic stress, even after only 2 min 251 

exposure (data not shown). However, we found that one min of exposure to NaCN did not 252 

substantially alter the levels of high energy phosphates or lactate (Table 2), but was still 253 

sufficient to block mitochondrial respiration during short-term repeated contractions, 254 

reflected by blocking accumulation of malate (46) (see below). Therefore, subsequent 255 

experiments that included estimation of glycogenolysis and ATP turnover were performed 256 

in muscles that were exposed to NaCN for 1 min prior to stimulation (basal samples were 257 

also exposed to NaCN for matched times before freezing). The effectiveness of NaCN in 258 

inhibiting mitochondrial respiration was attested to by the lack of increase in malate in 259 

EDL muscle during repeated contractions under control conditions, as well as the 260 

exaggerated changes in high energy phosphates and lactate in both EDL and soleus muscles 261 

during repeated contractions under control conditions (cf tables 1 vs. 3 and 4). 262 

Dithiothreitol, metabolism and force. To examine the role of endogenously produced ROS 263 

in control of phosphorylase and glycogenolysis during repeated contractions, the next 264 
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series was performed in the absence or presence of DTT (which effectively reversed 265 

inhibition of phosphorylase by ONOO-, Fig. 3). In EDL in the basal state, DTT resulted in 266 

small decreases in lactate and malate (Table 3). However, there were no significant 267 

differences between groups in metabolites after repeated contractions. In soleus in the basal 268 

state, DTT resulted in decreases in lactate, malate and Pi. Following stimulation, glucose 269 

6-P was slightly elevated, whereas Pi was slightly decreased (likely owing to the decrease 270 

observed in the basal state) in DTT-treated muscles. Otherwise, there were no other 271 

noteworthy differences between groups in the remaining metabolites. With respect to force 272 

generation in EDL, other than a transient decrease during the first contraction, there were 273 

no differences between groups during the repeated contractions (Fig. 5). However, in 274 

soleus, force was significantly reduced throughout the series of repeated contractions. 275 

NAC, metabolism, and force. Recently, we observed that the general antioxidant NAC (2) 276 

enhanced accumulation of glucose-P during short-term intense contractions (21), which 277 

could be explained by redox control of phosphorylase. Therefore, in the next series, we 278 

used the general antioxidant, NAC (2), to further investigate the role of endogenously 279 

produced ROS in control of phosphorylase and glycogenolysis during repeated 280 

contractions. In EDL muscle in the basal state, NAC resulted in a small but significant 281 

reduction in PCr and stoichiometric increase in Cr (Table 4). Following stimulation, there 282 

were no differences between groups, with the exception of a slightly elevated glucose 6-P 283 

content in the NAC-treated EDL muscles, as we saw previously (19). In soleus muscle in 284 

the basal state, glucose 6-P was elevated in the NAC-treated group with no other 285 

noteworthy effects. Following contraction, the elevated glucose 6-P content was 286 

maintained, but, again, there were no other differences between groups. NAC resulted in 287 

significant decreases in force during the first three contractions in EDL, but not thereafter 288 

(Fig. 6). However, in soleus, NAC resulted in a decrease in force at all times. Interestingly, 289 

NAC and DTT resulted in similar force reduction profiles in both EDL and soleus. 290 

We also measured fractional and total phosphorylase and GS activities in all experiments 291 

(ONOO-, DTT and NAC). In general, there were no marked effects of the treatments either 292 

in the basal state or after contraction on total phosphorylase and GS activities (Suppl 1, 293 

Tables 1 and 2). Repeated contractions resulted in marked increases in phosphorylase 294 

fractional activity with no noteworthy consistent effect of any treatment, with the exception 295 
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that NAC significantly lowered fractional activity in the basal state as well as after repeated 296 

contractions in soleus muscle (Suppl 1, Table 3). In contrast, DTT had no effect on 297 

phosphorylase fractional activity. This suggests that redox state plays a role in 298 

phosphorylase phosphorylation and that this occurs independently of formation of disulfide 299 

bonds in soleus muscle. Moreover, the lack of effect of ONOO- on the increase in 300 

phosphorylase fractional activity following repeated contractions suggests that nitration of 301 

phosphorylase (see below) does not alter the function of phosphorylase kinase. No 302 

consistent noteworthy effects of stimulation or treatment were observed on GS fractional 303 

activity (Suppl 1, Table 4). Further, none of the treatments (DTT, NAC) affected 304 

glycogenolysis or ATP turnover during repeated contractions to a marked extent (Suppl 1, 305 

Table 5).    306 

The lack of effect of exogenous ONOO- on phosphorylase activity in isolated muscle 307 

preparations may appear in contrast to the inhibitory effects of ONOO- in crude extracts 308 

(Fig. 3). An explanation for this observation is that the concentration of ONOO- in the assay 309 

mixture (following processing of the muscles for enzyme analysis) was calculated to be <1 310 

µM, which is not sufficient to inhibit enzyme activity (see Fig. 3). This explanation is 311 

consistent with the results of Dairou et al. (10), who demonstrated that while 500 µM 312 

ONOO- was sufficient to fully inhibit the activity of purified phosphorylase at all 313 

concentrations of enzyme studied (1-20 µM), addition of the same concentration of ONOO- 314 

to C2C12 myotubes resulted in only 50% inhibition when the assay was performed on 315 

processed cells after washing away ONOO-. 316 

From the above results it appeared that when ONOO- was present in excessive amounts, 317 

glycogenolysis during repeated contractions was severely compromised. If the latter 318 

derives from an inhibition of phosphorylase, then a significant increase in nitration of the 319 

enzyme is expected (10). Indeed, immunoprecipitation experiments demonstrated that 320 

following exposure of isolated EDL muscles to ONOO-, phosphorylase nitration was 321 

substantially increased (Fig. 7). In contrast, repeated contractions had no detectable effect 322 

on the nitration state of phosphorylase in EDL (Fig. 7), which is consistent with the lack 323 

of noteworthy effect of antioxidants on glycogenolysis during repeated contractions (see 324 

above). Similarly, repeated contractions did not result in phosphorylase nitration in soleus 325 
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muscle (in fact, nitration of phosphorylase was not detected in the basal state or after 326 

repeated contractions, data not shown). 327 

 328 

Discussion 329 

The major findings of this study are that: 1. exogenous ONOO- potently inhibits 330 

phosphorylase activity in crude muscle extracts and glycogenolysis in intact isolated 331 

muscles during repeated contractions; 2. endogenously produced ROS play little role in 332 

regulating phosphorylase activity and glycogenolysis during repeated contractions; and 3. 333 

antioxidants inhibit force production in the absence of mitochondrial oxygen utilization. 334 

ONOO- inhibits purified skeletal muscle phosphorylase and this is associated with nitration 335 

of Tyr613 (10). The current observation that ONOO- inhibits phosphorylase activity in 336 

crude extracts of fast-twitch and slow-twitch muscle is consistent with and extends the 337 

findings of Dairou et al (2007). ONOO- (750 uM) also inhibits glycogenolysis in C2C12 338 

myocytes during short-term incubations at 37°C (10). Further, phosphorylase activity in 339 

skeletal muscle of aged rats is decreased and exhibits increased nitration of tyrosine 340 

residues on the enzyme (35). The decreased phosphorylase activity with aging is not 341 

associated with a lower protein expression of phosphorylase (28), suggesting that post-342 

translational modifications such as nitration are occurring. It is possible that other 343 

pathological conditions where phosphorylase activity is decreased (eg, muscular 344 

dystrophy) (7, 37) are associated with enzyme nitration, but this remains to be established.  345 

The present study demonstrates that exposure of isolated muscle preparations to a high 346 

concentration of ONOO- (2 mM) virtually abolishes the accumulation of glucose 6-P and 347 

lactate during repeated contractions, suggesting an inhibition of glycogenolysis. However, 348 

this finding was not associated with a measurable inhibition of phosphorylase activity in 349 

the muscle extract. Therefore, it could be argued that ONOO- was not inhibiting 350 

phosphorylase but rather other enzymes/targets to explain the diminished accumulation of 351 

glycogenolytic intermediates. The suggestion that the high concentration of ONOO- (2 352 

mM) would be affecting a myriad of proteins in the cell (including those involved in 353 

glucose transport, force production, glycolysis and mitochondrial respiration – see below 354 

and results), but not phosphorylase is highly unlikely. As stated above, the amount of 355 
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ONOO- in the phosphorylase reaction mixture following processing of the muscle was too 356 

low (<1 µM) to result in significant inhibition of phosphorylase (Fig. 3). Moreover, we 357 

demonstrated that incubation of isolated muscle with ONOO- resulted in nitration of 358 

phosphorylase (Fig. 8), and even a small degree of nitration is sufficient to fully inactivate 359 

phosphorylase (10). Lastly, if inhibition of glycolysis (via inhibition of aldolase (22)) was 360 

solely responsible for the ONOO- effect on glycogenolysis during repeated contractions, 361 

then one would expect that the inhibition of lactate accumulation would be associated with 362 

a large accumulation of glucose 6-P/hexose phosphate, as is seen when glycolysis is 363 

inhibited by iodoacetate (inhibits glyceraldehyde 3-P dehydrogenase) (9, 33). However, 364 

the lack of glucose 6-P accumulation during repeated contractions speaks against this 365 

explanation. In summary, it is likely that the ONOO--mediated inhibition of glycogenolysis 366 

is accounted for by inhibition of phosphorylase. Thus high levels of ONOO- can inhibit 367 

phosphorylase and glycogenolysis in isolated intact skeletal muscle during repeated 368 

contractions, as well as other conditions (see above).  369 

To study the role of endogenous oxidants in control of phosphorylase and glycogenolysis 370 

during repeated contractions, muscles were exposed to two different anti-oxidants: DTT 371 

and NAC. However, in neither case was glycogenolysis affected in a noteworthy manner 372 

by the antioxidants. Consistent with the latter observation was the finding that repeated 373 

contractions did not affect nitration of phosphorylase. Taken together the data demonstrate 374 

that high concentrations of exogenously administered ONOO- can inhibit phosphorylase 375 

and glycogenolysis during repeated contractions. However, endogenously produced 376 

ONOO-, or other oxidants, do not appear to play an important role in control of 377 

phosphorylase and glycogenolysis during repeated contractions. 378 

The stimulation paradigms used in the present study were designed to allow for significant 379 

glycogenolysis without major decreases in force production in the EDL and soleus muscles 380 

during a short series of repeated contractions. After 10 contractions, force was decreased 381 

by ~10% in EDL and increased ~15% in soleus under control conditions (Fig. 4). The 382 

increase in force in soleus appears related to mitochondrial respiration since it disappeared 383 

when cytochrome oxidase was inhibited by NaCN (Fig. 5 and 6). The relatively larger 384 

decrease in force in EDL could be due to a greater metabolic stress that resulted in a larger 385 

accumulation of Pi, as the latter inhibits cross-bridge force production (8, 27). Thirty min 386 
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exposure to ONOO- resulted in decreased force production during the first contraction in 387 

both EDL and soleus, and the initial inhibitory effect on force was greater in the soleus vs. 388 

EDL. ONOO- inhibits force production by inhibiting myosin ATPase activity, which is 389 

localized on the myosin head (41). The inhibitory effect is much more marked in skinned 390 

soleus than in skinned EDL fibers, which may derive from different states of 391 

oxidation/glutathionylation between fiber types (11). This is likely the reason for the 392 

greater inhibition of force during the first contraction in soleus. However, during the 393 

remaining contractions a different pattern emerged. In EDL, force decreased continuously 394 

in the presence of ONOO-, whereas in soleus force was maintained in the presence of 395 

ONOO- (Fig. 4). The greater overall loss of force in EDL during repeated contractions, 396 

therefore, probably derives from another mechanism. One possibility is that ONOO- 397 

resulted in dysfunction of contractile proteins, such as actin (30, 36, 38, 44), and that this 398 

occurred to a more prominent extent in EDL compared to soleus muscle. Alternatively, the 399 

greater degree of force loss in the EDL could be due to excessive metabolic stress that 400 

resulted in a greater accumulation of Pi (see Table 1). 401 

A surprising finding was the lower force production during repeated contractions in the 402 

presence of NAC and DTT. Noteworthy was the remarkable similarity between the two 403 

antioxidants in diminishing force in EDL and soleus muscles. In EDL, force inhibition was 404 

transient, whereas in soleus force inhibition was maintained throughout the 10 contractions. 405 

The role of reactive oxygen/nitrogen species (RO(N)S) in muscle force generation and 406 

fatigue is complicated as it depends on many factors, including: concentration of oxidant, 407 

duration of exposure, temperature, type of contraction (e.g., concentric vs. eccentric), 408 

stimulation protocol, target of action (e.g., myofibrillar proteins vs. Ca2+-release channels) 409 

and fiber type (24, 43). Using a stimulation protocol in mouse EDL muscle, comparable to 410 

that in the present study, we recently found that NAC caused a transient increase in force 411 

generation during repeated contractions (19). However, in the latter study, experiments 412 

were performed under aerobic conditions. DTT has been shown to acutely inhibit force 413 

production in isolated single muscle fibers, but to reverse the loss of force induced by 414 

prolonged exposure to H2O2 (1). Further, acute exposure to H2O2 resulted in increased force 415 

production in muscle fibers studied under basal conditions (1). The latter findings led to 416 

the conclusion that in the basal state (under the conditions studied), muscle fibers are 417 
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slightly reduced (24). It follows that upon stimulation of the muscle, an increased 418 

(moderate) amount of ROS would be expected to enhance force production by increasing 419 

the oxidation state of critical proteins involved in force generation (see above). With 420 

respect to the present findings, it is possible that inhibition of mitochondrial respiration 421 

blocked the production of O2*-, or a derivative thereof, that will normally occur upon onset 422 

of muscle contractions. As a consequence, the addition of antioxidants, in the absence of 423 

endogenous ROS production, could convert the muscle cells to a more reduced state and 424 

thereby decrease force production. This reasoning would point to mitochondrial derived 425 

ROS as an important component in maintaining force production during repeated 426 

contractions (especially in soleus muscle). Recently, the major site of ROS production 427 

during exercise/contractions has been discussed and it has been suggested that earlier 428 

estimates of mitochondrial ROS production during exercise have been exaggerated (24, 429 

43). Our results are consistent with an important role of mitochondrial respiration in 430 

optimal force generation during repeated contractions of isolated muscle preparations. In 431 

this connection it is noteworthy that NAC markedly inhibits contraction-mediated 432 

activation of glucose transport in mouse EDL muscle when mitochondrial respiration is 433 

functioning (medium gassed with 95%O2:5%CO2), whereas it does not significantly affect 434 

hypoxia-mediated activation of glucose transport (medium gassed with 95%N2:5%CO2) 435 

(34). The latter findings support the importance of aerobically-derived ROS in metabolic 436 

responses of isolated muscle preparations during repeated contractions. Regardless, 437 

additional studies are required to demonstrate the mechanism for the negative effects of 438 

antioxidants on force production during repeated contractions.  439 

In conclusion, high concentrations of ONOO- markedly inhibit phosphorylase activity and 440 

glycogenolysis, as well as force generation in living muscle. However, neither 441 

endogenously produced ONOO- or other oxidants significantly alter phosphorylase activity 442 

or glycogenolysis in skeletal muscle during repeated contractions. Finally, antioxidants 443 

reduce force generating capacity of isolated muscles in the absence of mitochondrial 444 

respiration, suggesting that the latter is important to achieve optimal levels of force 445 

production.    446 
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Tables 
 

Table 1. Effect of peroxynitrite on metabolite contents in isolated extensor digitorum longus and soleus muscles 

 EDL Soleus 

 Basal Electrically Stimulated Basal Electrically Stimulated 

 CON ONOO- CON ONOO- CON ONOO- CON ONOO- 

G6P 0.7 ± 0.3 4.2 ± 1.0*** 2.4 ± 0.8 3.7 ± 0.6* 0.7 ± 0.4 2.9 ± 0.8** 1.1 ± 0.2 3.0 ± 0.4*** 

Lactate 5.6 ± 4.9 0.9 ± 0.5* 14.7 ± 3.6 4.9 ± 1.1*** 4.4 ± 1.8 1.2 ± 0.6** 5.6 ± 2.2 3.1 ± 1.3* 

Malate 0.32 ± 0.13 0.13 ± 0.15 0.63 ± 0.18 0.25 ± 0.11*** 1.06 ± 0.42 0.45 ± 0.14* 1.06 ± 0.18 0.76 ± 0.09** 

ATP 25.6 ± 1.8 16.8 ± 2.3*** 24.3 ± 3.0 11.3 ± 2.1*** 16.7 ± 1.1 12.0 ± 2.4* 17.7 ± 1.5 11.8 ± 1.0*** 

Pi 26.4 ± 10.1 27.8 ± 3.2 40.9 ± 6.7 45.1 ± 4.8 24.4 ± 7.0 22.6 ± 5.5 28.8 ± 3.0 27.9 ± 2.8 

PCr 67.2 ± 9.8 38.4 ± 6.9*** 44.3 ±11.2 16.4 ± 6.8** 41.1 ± 4.1 30.0 ± 3.5* 32.1 ± 4.2 22.9 ± 3.2** 

Cr 33.9 ± 9.8 62.6 ± 6.9*** 56.7 ± 11.2 84.7 ± 6.8** 25.0 ± 4.1 36.2 ± 3.5* 34.0 ± 4.2 43.3 ± 3.2** 

Data are expressed as mean ± SD. Values are given in µmol/g dry wt for 6 (basal) and 7 (electrically stimulated) muscles. *p<0.05; 
**p<0.01; ***p<0.001 vs. CON by paired t-test.
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Table 2. Effect of sodium cyanide on metabolite content of isolated skeletal muscle 

 CON NaCN 
G6P 1.4 ± 1.3 1.0 ± 0.9 

Lactate 8.9 ± 5.3 11.4 ± 6.0 
Malate 1.8 ± 1.2 1.7 ± 1.2 

ATP 21.4 ± 8.4 22.6 ± 6.2 
PCr 67.0 ± 23.6 62.8 ± 21.2 

After 30 min incubation, sodium cyanide (NaCN, final concentration = 3 mM) was added. 
One min later muscles were frozen and thereafter processed for analysis. Data are 
expressed as mean ± SD. Values are given in µmol/g dry wt for 4 muscles. 
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Table 3. Effect of dithiothreitol on metabolite contents in isolated extensor digitorum longus and soleus muscles 

 EDL Soleus 

 Basal Electrically Stimulated Basal Electrically Stimulated 

 CON DTT CON DTT CON DTT CON DTT 

G6P 0.5 ± 0.4 0.6 ± 0.4 1.8 ± 0.6 2.2 ± 0.7 0.4 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 1.0 ± 0.4** 

Lactate 5.4 ± 3.1 3.1 ± 1.5* 26.9 ± 4.5 28.1 ± 4.7 9.9 ± 4.0 4.6 ± 2.3* 15.4 ± 7.1 12.6 ± 3.4 

Malate 0.37 ± 0.23 0.24 ± 0.14* 0.32 ± 0.11 0.29 ± 0.09 1.23 ± 0.32 1.12 ± 0.33* 0.98 ± 0.23 0.97 ± 0.21 

ATP 28.4 ± 2.9 28.9 ± 2.3 26.1 ± 3.7 26.1 ± 1.8 16.6 ± 1.4 17.6 ± 1.2 16.5 ± 1.3 17.2 ± 1.0 

Pi 19.5 ± 4.6 17.5 ± 2.4 50.8 ± 6.5 52.1 ± 7.7 31.7 ± 6.1 27.0 ± 4.6** 42.6 ± 5.2 36.7 ± 3.0* 

PCr 84.0 ± 6.8 86.6 ± 2.5 36.0 ± 9.1 33.7 ± 8.3 36.0 ± 4.2 35.4 ± 3.4 22.7 ± 3.8 23.7 ± 2.7 

Cr 30.1 ± 6.8 27.5 ± 2.5 78.1 ± 9.1 80.4 ± 8.3 35.2 ± 4.2 35.8 ± 3.4 48.5 ± 3.8 47.5 ± 2.7 

Data are expressed as mean ± SD. Values are given in µmol/g dry wt for 6-8 (basal) and 7 (electrically stimulated) muscles. *p<0.05; 
**p<0.01 vs. CON by paired t-test. 
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Table 4. Effect of N-acetylcysteine on metabolite contents in isolated extensor digitorum longus and soleus muscles 

 EDL Soleus 

 Basal Electrically Stimulated Basal Electrically Stimulated 

 CON NAC CON NAC CON NAC CON NAC 

G6P 0.4 ± 0.4 0.4 ± 0.2 1.8 ± 0.9 2.6 ± 0.8* 0.4 ± 0.1 1.1 ± 0.7* 0.5 ± 0.3 0.9 ± 0.4* 

Lactate 3.3 ± 1.9 3.4 ± 2.6 30.0 ± 4.3 28.5 ± 5.7 5.2 ± 1.8 6.8 ± 5.7 14.2 ± 4.8 12.2± 2.0 

Malate 0.33 ± 0.21 0.38 ± 0.13 0.35 ± 0.16 0.29 ± 0.15 1.02 ± 0.23 1.88 ± 0.64** 1.25 ± 0.37 1.38 ± 0.22 

ATP 26.5 ± 4.3 26.8 ± 1.6 22.4 ± 1.8 23.3 ± 2.6 17.9 ± 3.0 20.8 ± 6.7 17.4 ± 1.7 18.0 ± 1.0 

Pi 18.6 ± 4.8 23.3 ± 6.8 62.4 ± 6.4 63.6 ± 7.2 21.4 ± 3.3 23.7 ± 8.6 35.2 ± 2.6 35.7 ± 4.6 

PCr 83.9 ± 2.7 78.8 ± 6.1* 31.7 ± 6.1 30.0 ± 7.2 38.9 ± 4.2 35.4 ± 4.1 24.3 ± 6.0 22.8 ± 5.4 

Cr 17.2 ± 2.7 22.3 ± 6.1* 69.3 ± 6.1 71.1 ± 7.2 25.8 ± 4.2 29.3 ± 4.1 40.4 ± 6.0 41.9 ± 5.4 
Data are expressed as mean ± SD. Values are given in µmol/g dry wt for 8 muscles. *p<0.05; **p<0.01 vs. CON by paired t-test. 
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Figures  

 

 

 

 

 

 
Figure 1. Experimental design 
After setting optimal length (LO), muscles equilibrated for 30 min. Baseline force 
measurements were made and thereafter either diluent or drug (ONOO-, DTT for 30 min; 
or NAC for 60 min) were added to the incubation medium. Subsequently muscles were 
frozen (Basal) or stimulated to perform 10 repeated contractions and then frozen 
(Stimulated). See text for additional details.  
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Figure 2. Minimal effects of H2O2 on phosphorylase activity in extensor digitorum longus 
and soleus muscle extracts  
Phosphorylase activity was measured in cell extracts from extensor digitorum longus 
(EDL) and soleus muscles after 30 min exposure to increasing concentrations of H2O2 (●) 
in the absence or presence of 10 mM DTT (○). (A) Phosphorylase a activity in EDL 
(measured without AMP). (B) Phosphorylase b activity in EDL (calculated by subtracting 
a from a + b). (C) Phosphorylase a + b activity in EDL (measured with 3.3 mM AMP). (D) 
Phosphorylase a + b activity in soleus (measured with 3.3 mM AMP). Phos a activity was 
not detectable in soleus muscle and therefore no results for inhibition by H2O2 are 
presented. Note that DTT did not affect activity in absence of H2O2 and fully reversed 
inhibition by H2O2. Activity of Phos a + b in EDL and soleus muscles was 181 ± 23 and 
61 ± 11 µmol/min/g dry wt, respectively. Data are expressed as mean ± SD for 6 muscles. 
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Figure 3. Peroxynitrite fully inhibits phosphorylase activity in extensor digitorum longus and soleus muscle extracts 
Phosphorylase activity was measured in cell extracts from extensor digitorum longus (EDL) and soleus muscles after 30 min exposure 
to increasing concentrations of peroxynitrite (ONOO-, ●) in the absence or presence of 10 mM DTT (○). Phosphorylase a activity in 
EDL (A) and soleus (D) muscles (measured without AMP). Phosphorylase b activity in EDL (B) and soleus (E) muscles (calculated by 
subtracting a from a + b). Phosphorylase a + b activity in EDL (C) and soleus (F) muscles (measured with 3.3 mM AMP). Note DTT 
fully reversed inhibition by ONOO-. Activity of Phos a + b in EDL and soleus muscles was 141 ± 19 and 61 ± 15 µmol/min/g dry wt, 
respectively. Data are expressed as mean ± SD for 6 muscles.  
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Figure 4. Peroxynitrite reduces force generation of isolated extensor digitorum longus and 
soleus muscles during repeated contractions 
A single contraction was performed at baseline (B), followed by a series of 10 contractions 
30 min post-treatment for control (○, CON) and 2 mM peroxynitrite (●, ONOO-) groups in 
extensor digitorum longus (EDL) (A) and soleus (B) muscles. Ten contractions (1-10, 1 
train/s) were performed for 300 ms at a frequency of 70 Hz in EDL and 600 ms at a 
frequency of 50 Hz in soleus. Data are presented as percentage of baseline force. There 
was no significant difference in force at baseline between CON and ONOO- groups; EDL 
CON 194±69 mN, ONOO- 217±50 mN (p>0.05); soleus CON 117±19 mN, ONOO- 
127±18 mN (p>0.05). Data are expressed as mean ± SD for 6 (EDL) and 7 (soleus) muscles. 
*p<0.05; **p<0.01; *** p<0.001 vs. control by paired t-test. 
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Figure 5. Dithiothreitol reduces force generation of isolated soleus but has little effect on 
extensor digitorum longus muscles during repeated contractions 
A single contraction was performed at baseline (B), followed by a series of 10 contractions 
30 min post-treatment for control (○, CON) and 10 mM dithiothreitol (●, DTT) groups in 
extensor digitorum longus (EDL) (A) and soleus (B) muscles. Ten contractions (1-10, 1 
train/s) were performed as described in legend to Fig. 4. Data are presented as percentage 
of baseline force. There was no significant difference in force at baseline between CON 
and DTT groups; EDL CON 193 ± 77 mN, DTT 198 ± 85 mN (p>0.05); soleus CON 118 
± 32 mN, DTT 129 ± 25 mN (p>0.05). Data are expressed as mean ± SD for 7 muscles. 
**p<0.01; *** p<0.001 vs. control by paired t-test. 
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Figure 6. N-acetylcysteine reduces force generation of isolated extensor digitorum longus 
and soleus muscles during repeated contractions 
A single contraction was performed at baseline (B), followed by a series of 10 contractions 
30 min post-treatment for control (○, CON) and 20 mM N-acetylcysteine (●, NAC) groups 
in extensor digitorum longus (EDL) (A) and soleus (B) muscles. Ten contractions (1-10, 1 
train/s) were performed as described in legend to Fig. 4. Data are presented as percentage 
of baseline force. There was no significant difference in force at baseline between CON 
and NAC groups; EDL CON 178 ± 49 mN, NAC 155 ± 51 mN (p>0.05); SOL CON 96 ± 
43 mN, NAC 91 ± 55 mN (p>0.05). Data are expressed as mean ± SD for 13 (EDL) and 6 
(soleus) muscles. *p<0.05; **p<0.01; *** p<0.001 vs. control by paired t-test. 
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Figure 7. Repeated contractions do not alter nitration of phosphorylase in isolated 
extensor digitorum longus muscle 
Muscles were immunoprecipitated with antibody against 3-nitrotyrosine and then blotted 
with antibody against phosphorylase. (A) Immunoblots for an untreated muscle in basal 
state (first lane from left) and paired muscle after repeated contractions (as described in 
legend to fig. 4; second lane from left). A positive control is shown for a muscle incubated 
in diluent (5.2 mM NaOH, third lane from left) and its pair in 2 mM ONOO- (fourth lane 
from left). (B) Summary results for basal and electrically stimulated muscles (n = 6) and 
control and ONOO--treated muscles (n = 3, where range for ONOO- = 1.68-3.0). Values 
are means ± SD and are expressed relative to Basal (left) or Control (right). *p<0.05 vs. 
control by paired t-test. 
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