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ABSTRACT 
 
 

EFFECT OF A REPEATED BOUT OF ECCENTRICALLY-BIASED 
CONTRACTIONS ON INSULIN RESISTANCE 

by 
Michael S. Green 

 
This study determined if insulin resistance (IR), induced by an acute bout of 

eccentrically-biased contractions that resulted in muscle injury, was attenuated following 

a repeated bout of contractions. Female subjects (n = 10, age 24.7 ± 3.0 yr, weight 64.9 ± 

7.4 kg, height 1.67 ± 0.02 m, body fat 29.1 ± 1.9 %) performed two 30 minute bouts of 

downhill treadmill running (DTR 1 and DTR 2, -12 % grade, 8.0 mph) separated by 14 

days. Oral glucose tolerance tests (OGTT) were administered at baseline and 48 hours 

following DTR 1 and DTR 2, with IR assessed by calculation of insulin and glucose areas 

under the curve (AUC). Maximum isometric quadriceps strength (MVC), muscle 

soreness (SOR), and serum creatine kinase (CK) were assessed pre-, immediately post-, 

and 48 hours post-DTR 1 and DTR 2 to determine the presence of muscle injury. 

Compared to baseline OGTT, insulin and glucose AUC (37.6 ± 8.4 and 21.4 ± 4.7 % 

increase, respectively), and peak insulin (44.1 ± 5.1 vs. 31.6 ± 4.0 uU·mL-1) and glucose 

(6.5 ± 0.4 vs. 5.5 ± 0.4 mmol·L-1) were elevated following DTR 1. These same insulin 

and glucose measures showed no increase above baseline 48 hours following DTR 2 (p > 

0.05). MVC was reduced to a greater degree immediately following DTR 1 (16.7 ± 2.6 

vs. 8.6 ± 1.2 % decline) and, although demonstrating a significant degree of recovery, 

remained reduced by 9.4 ± 2.7 % 48 hours following exercise. In contrast, MVC made a



full recovery back to baseline values 48 hours after DTR 2. SOR was elevated to a 

greater degree 48 hours following DTR 1 than after DTR 2 (48.08 ± 6.16 vs. 12.70 ± 3.24 

mm). There was a tendency for an attenuated serum CK response 48 hours following 

DTR 2 (812.8 ± 365.1 vs. 162.5 ± 42.5 U·L-1, p = 0.08). In conclusion, a novel bout of 

eccentrically-biased contractions resulting in a moderate degree of muscle injury confers 

a protective effect, whereby a subsequent bout of contractions 14 days later results in 

complete elimination of the IR observed following the initial bout.
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CHAPTER 1 

EFFECT OF A REPEATED BOUT OF ECCENTRICALLY-BIASED 

CONTRACTIONS ON INSULIN RESISTANCE 

Introduction 

Eccentric muscle contractions occur as the muscle lengthens while it produces 

force, in contrast to concentric contractions where the muscle shortens as it produces 

force. Eccentric contractions can result in a large degree of muscle injury compared to 

concentric contractions, as evidenced by immediate and prolonged declines in force 

production (15, 35), elevated blood concentrations of muscle proteins such as creatine 

kinase (13), delayed onset muscle soreness (10), and reduced glucose uptake by skeletal 

muscle cells (44). Of particular note in relation to sarcolemmal glucose transport is that 

eccentric contractions also result in transient insulin resistance (3, 41, 42, 44, 79) and a 

decreased number of glucose transporters (4). Subsequently, it appears that skeletal 

muscle exposed to prior eccentric contractions possesses a reduced ability to synthesize 

glycogen (16, 21, 66, 89). 

Although susceptible to injury by novel eccentric muscular actions, skeletal 

muscle displays a readily observable “repeated bout effect” whereby muscles exposed to 

prior eccentric contractions exhibit reduced soreness and serum CK responses in addition 

to more rapid returns to full force producing capacity following a second eccentric bout 

(11, 15, 64). Indeed, such a repeated bout effect can occur as a consequence of a 
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relatively minor initial eccentric insult (14, 65) and may afford protection from exercise-

induced muscle injury for an extended period of time (11, 64). 

This literature review will provide for an examination of skeletal muscle glucose 

metabolism in the normal and post “eccentric contraction” state and describe the 

mechanism, symptoms, and time course of the recovery from exercise-induced muscle 

injury. In particular, an emphasis will be placed on describing the observed effects of 

exercise-induced muscle injury on sarcolemmal glucose transport, namely the propensity 

of eccentric contractions to induce transient insulin resistance, cause a decrease in 

skeletal muscle glucose transporter content, and presumably impair the synthesis of 

muscle glycogen. Finally, the components of the repeated bout effect will be examined 

and a model of attenuated insulin resistance following repeated eccentric contractions 

will be presented that warrants further original investigation. 

Sarcolemmal Glucose Transport 

Glucose transport into the skeletal muscle cell is required to provide glucose as an 

energy substrate for glycolysis and for the replenishment of glycogen stores. Glucose can 

be obtained from both the diet and the process of gluconeogenesis, but in the post-

absorptive state the majority of glucose is derived from ingested carbohydrate (38). 

In order for glucose to enter into cellular metabolism it must proceed from the 1) 

blood to the interstitium, 2) interstitium to the intracellular space, and 3) enter into 

metabolic pathways via phosphorylation to glucose 6-phosphate (G6P). Several factors 

related to each of the three steps in this pathway can determine the rate of glucose uptake, 

including 1) muscle blood flow, capillary recruitment, and endothelial permeability, 2) 

number of glucose transporters in the sarcolemma and glucose gradient, and 3) amount 
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and activity of muscle hexokinase II, respectively (87). During moderate intensity 

exercise the primary fate of blood glucose is oxidation for energy production. However, 

in the post-exercise state the glucose is channeled to glycogen under the control of the 

enzyme glycogen synthase. Under most circumstances, sarcolemmal glucose transport is 

considered to be the rate-limiting step in glucose utilization (46).  

Glucose Transporters 

 Glucose transport across cell membranes occurs via a process of facilitated 

diffusion utilizing a family of glucose transporter carrier proteins (GLUT) (31). These 

carrier proteins are expressed in a tissue specific manner (6). Of note, skeletal muscle 

contains two members of the GLUT family responsible for glucose transport, namely 

GLUT-1 and GLUT-4 (37), as well as a low abundance of GLUT-5 (40), which is a high-

affinity fructose transporter with only a very low capacity to transport glucose (9). 

Present in small amounts, GLUT-1 is not believed to play a major role in glucose 

transport across the cell membrane, and may be responsible for basal glucose uptake (71). 

GLUT-4 would thus seem to be the major determinant of glucose transport into the 

muscle cell and subsequent glycogen synthesis. 

 Under basal conditions GLUT-4 cycles slowly between the plasma membrane and 

intracellular storage locations. The majority of the GLUT-4 is located intracellularly with 

only small amounts present in the plasma membrane (88). Recruitment of GLUT-4 and 

subsequent glucose transport across the sarcolemma is generally mediated by insulin and 

muscle contraction (32). 
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Insulin Signaling Pathway 

The insulin signaling pathway is initiated by binding of insulin to the extracellular 

α-subunits of the insulin receptor. This results in tyrosine autophosphorylation of the 

intracellular β-subunits and subsequent activation of the subunits’ intrinsic tyrosine 

kinase (39). Subsequent to this, signal transduction is mediated through several insulin 

receptor substrates (IRS), in particular IRS-1 (12). IRS-1 ultimately acts on 

phosphatidylinositol 3-kinase (PI3-kinase), a well characterized intermediate effector 

molecule that plays an important role in the effect of insulin on GLUT-4 translocation, 

glucose transport, and glucose metabolism (83). The importance of PI3-kinase in this 

pathway is exemplified by the fact that administration of wortmannin (an inhibitor of 

PI3-kinase) completely blocks the insulin stimulated translocation of GLUT-4 (50). 

Exercise and Glucose Transport 

 It is apparent that muscle contraction is able to significantly increase glucose 

transport across the sarcolemma independent of insulin (70). Exercise results in an 

increase in glucose transporter number in the sarcolemma, and specifically the t-tubules 

(72). Interestingly, contraction and insulin mediated translocation of GLUT-4 appear to 

utilize divergent pathways and may recruit GLUT-4 from separate intracellular pools 

(20).  

The stimulatory effect of exercise on glucose transport can also persist following 

cessation of an acute bout of exercise. This is manifested as an initial period of glucose 

transport and glycogen synthesis considered to be insulin independent (phase 1), followed 

by a more prolonged and delayed insulin dependent phase (phase 2). Phase 1 is 

characterized by a high degree of sarcolemmal glucose permeability, elevated glycogen 
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synthase activity (29), and a rapid rate of muscle glycogen synthesis (68). Phase 2 

commences as muscle glycogen concentrations approach normal levels, with glucose 

uptake not elevated in the absence of insulin (68). Thus, GLUT-4 translocated to the 

membrane during muscle contraction contributes to the elevated rates of glucose 

transport in the immediate post-contraction period. Once contraction-induced GLUT-4 is 

recycled continued high rates of glucose transport become dependent on adequate levels 

of circulating insulin.  

Exercise-Induced Muscle Injury 

Causes 

Exercise-induced muscle injury can result from various modes of muscular 

activity, including prolonged exercise (33, 85), exercise to exhaustion at a high relative 

intensity (58, 74), and bouts of novel exercise (15). In particular, those activities that 

contain a bias towards eccentric contractions, such as downhill treadmill running (11), are 

well-suited to induce this type of muscle injury. Other common models of inducing 

exercise-induced muscle injury include eccentric stepping (61), elbow extension (15), and 

knee extension (16).  

Mechanism 

The change in length of a muscle during activation and force production (i.e. 

contraction) is dependent on the load placed on the muscle and the force that it develops 

(24). During an eccentric muscle contraction, a muscle lengthens while at the same time 

producing tension. This is in contrast to a concentric contraction during which the muscle 

shortens while it produces force. Alternatively, an isometric contraction occurs when the 

muscle as a whole remains the same length during the time it produces force.  
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During an eccentric contraction the maximal tension generated can be in excess of 

that produced during concentric and isometric contractions (81). This is despite the fact 

that fewer motor units are recruited to perform the contraction (7). Thus, this indicates 

that significantly higher forces are encountered by fewer muscle fibers. Such high forces 

have a propensity to cause muscle damage, the symptoms of which will be described 

below.  

Immediately following eccentric contractions two prominent signs of muscle 

injury that may lead to the observed force deficits are disruption of sarcomeres and 

damage to the excitation-contraction coupling machinery (69). Regardless of the specific 

mechanism, mechanical stress, and not metabolic stress, is generally accepted as being 

the initiating event in exercise-induced muscle injury (26). One theory advanced to 

explain the subsequent muscle injury sequence posits that 1) an initial mechanical event 

inaugurates the injury process, 2) a loss of calcium homeostasis results in a calcium 

overload phase, 3) calcium overload activates various degradative autogenetic 

mechanisms at the site of injury, 4) an inflammatory phagocytic phase ensues, and 5) 

ultimately the injured fibers undergo a regenerative phase (1). Some of the symptoms 

described below lend support to various aspects of theories such as this. For example, 

worsening ultrastructural damage 2-3 days following eccentric exercise (60), loss of 

desmin (a specific target of the calcium activated protease calpain) (5, 51), and delayed 

release of creatine kinase as a result of possible disruption and increased permeability of 

the sarcolemma (26, 51) lend support to the initiation and progression of various 

processes of degradation within the muscle fiber. Secondary injury of this nature is 

correlated to macrophage infiltration into the muscle cell (52). As will be addressed, 
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repeated bouts of eccentric contractions appear to offer a significant degree of protection 

against many of these processes. 

Symptoms 

Exercise containing a bias towards eccentric contractions has been shown to result 

in several readily observable alterations to the structure and function of skeletal muscle. 

The assessment of the presence and severity of exercise-induced muscle injury can be 

determined by direct and indirect measures. Direct methods involve the assessment of 

cellular and ultrastructural damage by way of biopsy and imaging techniques. Indirect 

methods include measurement of the efflux of intramuscular enzymes into the blood, 

muscular force production, soreness, swelling, and range of motion. In general, eccentric 

contractions have been shown to result in delayed onset muscle soreness (14, 61, 75), 

immediate and prolonged declines in force production (22, 59), elevated blood 

concentrations of muscle proteins (e.g. creatine kinase [CK]) (14, 75), muscle damage 

(28, 60), and an inflammatory response (25, 82).  

Delayed Onset Muscle Soreness 

Delayed onset muscle soreness (DOMS) is one of the most readily apparent 

symptoms of exercise-induced muscle injury. Studies have consistently shown that 

eccentric contractions possess the propensity to induce DOMS. Soreness is not typically 

experienced immediately following the exercise bout, but appears several hours after the 

exercise and reaches a delayed peak 1-2 days later. For example, utilizing repeated 

concentric and eccentric stepping exercise, Newham et al. (61) noted that pain and 

tenderness, although only occurring in the eccentrically exercised leg, took eight hours to 

develop and reached a peak 48 hours after exercise. Comparing downhill and level 
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treadmill running, significant increases in muscle soreness have been observed only 

following downhill treadmill running which peaked 24-48 hours following exercise (75). 

Similarly, a peak in muscle soreness and pain sensation when attempting to straighten the 

arm two days following eccentric elbow extension exercise has been noted (15).  

Force Deficits 

Measurement of force loss following exercise-induced muscle injury is generally 

considered the most relevant and consistent determinant of muscle injury (86). Utilizing 

eccentric elbow extension, it has been observed that following 70 maximal eccentric 

contractions the isometric force generation capacity was significantly reduced and had 

not fully recovered five days following exercise. Alternatively, 24 maximal eccentric 

contractions demonstrated a return to full force by two days post-exercise (15). A 50% 

reduction in voluntary force production (MVC) has been noted immediately following 20 

minutes of maximal eccentric contractions of the biceps muscle (59). At 24 hours post-

exercise there had been a negligible improvement in MVC (still a 49 % reduction), and 

although there was a gradual improvement MVC remained below baseline for over 2 

weeks.  

Downhill treadmill running results in smaller decrements in force loss. For 

example, downhill treadmill running for 40 minutes resulted in an immediate loss in 

MVC of ~22 % which recovered slightly to a 15 % decrement one day post-exercise (22). 

Complete recovery of strength took place somewhere between three and five days after 

exercise.  

Of note is that animal studies have demonstrated much higher and prolonged 

decreases in force production. Mouse extensor digitorum longus muscle subjected to 150 
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electrically induced, maximal, in vivo eccentric contractions displayed a reduction of 

maximal isometric tetanic force by 50 % immediately following the eccentric contraction 

protocol, remaining unchanged for the next five days (35). An indication of the severity 

of injury that can be induced by such protocols in animals is evident by the fact that 

maximal tetanic force remained 13 % below baseline values even after 14 days of 

recovery.  

The general understanding that can be taken from these studies is that force 

deficits are maximal immediately following exercise, and in most cases commence 

recovery after 24-48 hours. In human studies, full recovery can take between 3-14 days 

and is likely dependent upon the degree of injury that is induced by the particular 

protocol.  

Elevations in Creatine Kinase 

The presence of intramuscular enzymes in the blood is often taken as an 

indication of the presence of exercise-induced muscle injury. Creatine kinase (CK) is a 

commonly measured enzyme, and typically displays a somewhat delayed increase 

following exercise-induced muscle injury. Baseline serum CK levels are typically 

between 50 and 250 U·L-1 (16, 59). Peak serum CK levels of ~2000 U·L-1 were measured 

five days following 70 maximal eccentric contractions of the elbow flexors (15). Of note 

is that in this particular study serum CK levels did not show an increase above baseline 

until three days post-exercise. Similarly, Schwane et al. (75) observed no increase in 

serum CK levels immediately after downhill treadmill running, but found a 351 % 

increase 24 hours following exercise. Serum CK activity was still elevated by 141 % 48 

hours following exercise, but had returned to baseline levels following 72 hours of 
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recovery. A similar observation following downhill treadmill running was made by 

Sherman et al. (79), who noted a 2.8 fold increase in serum CK 48 hours post-exercise.  

It should be noted that there is a considerable degree of individual variability in 

the serum CK response to injurious exercise (14). For example, a study conducted by 

Costill et al. (16) involving 100 maximal eccentric contractions of the knee extensor 

muscles measured three days post-exercise peak serum CK values of 6988 U·L-1. Pre-

exercise values averaged 57 U·L-1. However, three days post-exercise three subjects had 

serum CK values well in excess of 8000 U·L-1, with one having a serum CK value of 

30,196 U·L-1. For this reason, although serum CK is a common and convenient 

measurement utilized in many studies, its use is not considered the most accurate marker 

to indicate the degree of exercise-induced muscle injury and care must be used when 

interpreting findings associated with serum CK responses (86).  

Muscle Damage 

Evidence has been provided that heavy eccentric work results in morphological 

evidence of damage two and seven days after exercise (28). However, in this study 

eccentric exercise was not compared to a similar amount of work conducted via 

concentric contractions. Seeking to distinguish between the alterations that may also 

result from concentric contractions, the study of Newham et al. (60) examined 

morphological changes in vastus lateralis muscles subjected to either concentric or 

eccentric stepping. Bilateral muscle biopsies revealed that muscles in the leg that 

performed concentric contractions possessed no morphological abnormalities either 

immediately or 24-48 hours post-exercise. However, abnormalities were noted in the 

muscle samples taken from the eccentrically exercised leg, being present both 
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immediately post-exercise and becoming more pronounced 24-48 hours after exercise. In 

particular, light microscopy showed that immediately post-exercise 16, 16, and 8 % of the 

counted fibers showed focal, extensive, and very extensive changes, respectively, while 

the remaining 58 % of the fibers appeared normal. Electron microscopy revealed 

sarcomere disruption including the presence of disorganized sarcomeres and streaming of 

Z-line material. Samples taken an average of 30 hours following eccentric contractions 

showed that the damage had become more marked and involved a greater percentage of 

fibers. The percentage of fibers appearing as normal had fallen to 45 %, with 6, 23, and 

28 % of fibers showing focal, extensive, and very extensive changes, respectively. More 

recent observations in animals have indicated that there may be a rapid loss of 

cytoskeletal proteins such as desmin in response to eccentric contractions (5, 51).  

Inflammatory Response 

Muscle that has undergone eccentric contractions and subsequent exercise-

induced muscle injury exhibits a distinct inflammatory response. As described by Tidball 

(82), such a response is dominated by an influx of neutrophils and macrophages from the 

peripheral circulation into the affected muscle. In general, it is thought that neutrophils 

invade injured muscle tissue within 1 h of muscle injury, remaining elevated for up to 5 d 

(25). It is likely that the presence of neutrophils results in a necessary proteolytic process 

that may actually augment the process of exercise-induced muscle injury (52). Indeed, 

neutrophils seem capable of cell membrane lysis, and a delayed appearance of 

macrophages may play a further role in the degradation and removal of the injured 

muscle tissue, although macrophages may also play a role in muscle repair and 

remodeling (82). Of note is that the initiation and amplification of the acute inflammatory 
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response is mediated at least in part by the de novo production of cytokines (19). In 

particular, at the onset of inflammation there is the production and release into the blood 

of several pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α) 

(19).  

Eccentric Contractions and Glucose Metabolism 

Eccentric contractions have been shown to result in transient insulin resistance (3, 

41, 42, 44, 79), decreased glucose transporter number (4), and a reduced ability of the 

muscle to synthesize glycogen (8, 16, 21, 47, 66, 76, 89). The effect of eccentric 

contractions on these three factors will be examined below. 

Insulin Resistance 

 An attenuated physiological response to normal levels of insulin characterizes 

insulin resistance (43). Insulin resistance has been documented following activities that 

result in exercise-induced muscle injury (3, 41, 42, 44, 79). 

Seeking to clarify the effects of prior exercise on insulin secretion in untrained 

subjects, Kirwan et al. (42) compared the secretion of insulin following a bout of 

prolonged, intense exercise to the response that took place without prior exercise. 

Untrained males underwent a hyperglycemic clamp procedure to determine rates of 

insulin secretion 12 hours after performing intermittent treadmill running to exhaustion. 

During the hyperglycemic clamp procedure blood glucose was raised and maintained at 

180 mg·dL-1. Subsequently, the area under the curve (AUC) for both insulin and C-

peptide was calculated for the early (0-10 minutes) and late (15-180 minutes) phases of 

the clamp. Peak insulin was significantly higher post-exercise in comparison to that 

measured following rest (81 ± 8 vs. 59 ± 9 µU·mL-1). During the early phase, the AUC 
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for insulin and C-peptide was significantly higher following exercise, whereas during the 

late phase only the AUC for C-peptide was significantly different (being higher after 

exercise). The utility of measuring C-peptide is that unlike insulin it is not degraded by 

the liver and can therefore be used as a surrogate measure of insulin release when insulin 

levels in the blood may not be indicative of its pancreatic secretion. This allows for a 

better understanding of insulin secretion (rate of appearance) during times when the 

clearance of insulin (rate of disappearance) may be increasing.  

Interpretation of these findings indicates that prolonged, intense exercise caused 

increases in pancreatic insulin secretion during the early phase of the hyperglycemic 

clamp, which appeared to continue during the late phase concurrent with increases in 

insulin clearance. Measurement of the blood glucose response indicated no differences 

between the clamps, suggesting that the rate of glucose disposal was not altered but that it 

required more insulin to result in the same glucose disposal rates. On the surface these are 

unexpected findings, since it is generally accepted that post-exercise (both acute and 

chronic) the insulin response typically shows no changes or is actually reduced (i.e. an 

increase in insulin sensitivity is observed). However, exercise was performed by 

untrained subjects and likely resulted in exercise-induced muscle injury (evidenced by 

elevated serum CK levels and complaints of muscle soreness prior to the hyperglycemic 

clamp). The results thus suggest that insulin resistance developed as a result of 

inadvertently induced muscle injury and manifested itself as an increased insulin 

secretion in order to maintain a normal rate of glucose disposal. 

Similar findings to the study of Kirwan et al. (42) were obtained by King et al. 

(41) who specifically attempted to cause exercise-induced muscle injury via a bout of 



 

 

14 

eccentric knee flexions and extensions. Indeed, this eccentric exercise regime resulted in 

a 50-fold increase in serum CK levels and significant increases in subjective ratings of 

muscle soreness 36 hours post-exercise. Results of the hyperglycemic clamp 

administered 36 hours following exercise showed that during the early phase (0–10 

minutes) of the clamp there was an exaggerated peak insulin (28 % greater then control) 

and C-peptide response, accompanied by an 83 % increase in the insulin AUC. During 

the late phase, the insulin response was not different than control, whereas the C-peptide 

response was exaggerated, being 34 % greater following eccentric exercise. Again, the 

elevated C-peptide levels in the presence of non-elevated insulin levels following 

eccentric exercise suggest that there may be an increased fractional extraction of insulin 

by the liver. Thus, these two early studies (41, 42) introduced the relationship between 

increased insulin secretion and muscle injury. 

 As a direct result of the questions raised by their previous study (42), Kirwan et 

al. (44) investigated further the observations that exercise resulting in symptoms of 

exercise-induced muscle injury leads to an increased insulin response without a 

concomitant increase in glucose disposal. Insulin action under conditions of 

hyperinsulinemia and euglycemia (euglycemic-hyperinsulinemic clamp) 48 hours 

following exercise was assessed in untrained subjects. Insulin action following downhill 

treadmill running (eccentrically-biased exercise) was contrasted with the response 

following cycle ergometer exercise (i.e. concentrically biased exercise) and rest. Muscle 

soreness and serum CK measured 48 hours following downhill treadmill running were 

significantly elevated above the values for cycling and rest, thus indicating that it was 

likely that muscle injury had been successfully induced. Importantly, soreness and serum 
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CK following cycling were not different than resting control conditions, thus showing 

that the concentric exercise did not result in muscle injury. Fasting plasma glucose and 

insulin, as well as plasma insulin during the clamp, were not different between 

conditions. However, glucose disposal during the final 30 min of the clamp was 

significantly reduced following downhill treadmill running. Glucose disposal rates were 

3.47 ± 0.51, 5.55 ± 0.94, and 5.48 ± 1.0 mg·kg-1·min-1 following eccentric, concentric, 

and resting conditions, respectively. The euglycemic-hyperinsulinemic clamp used in this 

study specifically controls the glycemic and insulinemic stimuli for glucose disposal and 

therefore permits more conclusive evidence to be collected than with the hyperglycemic 

clamp technique. 

While the hyperglycemic clamp procedure utilized in the study of Kirwan et al. 

(42) suggested an increased insulin response to prolonged, intense exercise, the study of 

Kirwan et al. (44) was able to categorically determine that eccentric exercise resulted in 

insulin resistance. This was evidenced by the 37 % reduction in insulin-mediated whole 

body glucose disposal 48 hours after the exercise bout. Kirwan et al. (44) suggested the 

decreased glucose uptake could be explained by decreased insulin binding to skeletal 

muscle insulin receptors and interference with the translocation of glucose transporters, 

although it was also questioned whether the localized muscle trauma was sufficient to 

account for the large magnitude of the reduction in whole body glucose disposal. 

 Further evidence of insulin resistance following exercise was provided by 

Sherman et al. (79). Insulin and glucose responses to an oral glucose tolerance test 

(OGTT) were assessed in untrained subjects following no exercise (control) and 48 hours 

following downhill treadmill running, level treadmill running, or isokinetic leg exercise. 
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Downhill treadmill running induced muscle soreness 48 hours following exercise. 

Interestingly, and supporting the findings of previous studies (42, 44), downhill and level 

treadmill running both induced elevations in serum CK activity. Resting insulin and 

glucose levels were not different between treatments, nor were the blood glucose 

responses to the OGTT (indicating no alteration to glucose tolerance). Of particular note 

is that the peak insulin response to the OGTT was ~19% higher following downhill 

treadmill running. Additionally, the AUC for insulin was 37 % higher following the 

downhill run in comparison to the non-exercising control condition. 

Combining the observations of a similar glucose response but elevated insulin 

response, it is apparent that downhill treadmill running induced an insulin resistant state 

48 hours following exercise. Stated differently, a greater amount of insulin was required 

to maintain glucose homeostasis in response to the OGTT following downhill treadmill 

running. 

An interesting finding in the study of Sherman et al. (79) was that level treadmill 

running resulted in elevated serum CK levels, but did not result in delayed onset muscle 

soreness as in the downhill treadmill running condition. The insulin response was 

elevated only following downhill treadmill running, suggesting that the increased bias 

towards eccentric contractions resulted in muscle soreness in addition to elevated serum 

CK levels. The development of delayed onset muscle soreness indicated a certain degree 

of exercise-induced muscle injury, and further strengthens the association between 

exercise-induced muscle injury and insulin resistance. Echoing the potential mechanism 

put forward by previous researchers (44), Sherman et al. (79) hypothesized that the 

decreased insulin effectiveness could be a result of disruptions to binding of insulin to its 
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receptor, a reduction in the availability of glucose transporters, or an alteration in the 

intracellular glucose disposal pathway.  

 Several authors have questioned whether the degree of skeletal muscle trauma 

resulting from eccentric contractions is sufficient enough to account for the large 

increases in insulin resistance and subsequent reduction in whole body glucose disposal 

(3, 44). Although skeletal muscle is highly regulated by insulin and accounts for 

approximately 85 % of glucose disposal following glucose ingestion (17, 84), it is 

difficult to conceive that such a focal amount of muscle injury can result in such a large 

degree of systemic insulin resistance. 

It has been suggested that the release of pro-inflammatory cytokines such as TNF-

α during the acute inflammatory response may be responsible for the systemic insulin 

resistance that typically ensues following eccentric exercise (18, 43). In support of this, in 

vivo administration of TNF-α in animals has been shown to impair systemic glucose 

uptake (48). TNF-α may somehow interfere with normal insulin signaling, and it has been 

proposed that elevations in the levels of TNF-α may result in phosphorylation of IRS-1 

and impair its association with the insulin receptor (73). This could possibly help explain 

the systemic insulin resistance observed following eccentric contractions that may 

produce only relatively focal damage. 

It should be noted that a finding of increased levels of TNF-α following eccentric 

contractions is not a universal finding (63, 80). However, if release of TNF-α during the 

acute phase inflammatory response is a plausible contributor to the observed insulin 

resistance, and it is also recognized that the magnitude of the acute response is dependent 

on the extent of muscle cell disruption (23), then it could be argued that a reduced 
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amount of muscle cell disruption following a repeated bout (see later) would result in less 

TNF-α release and subsequently less insulin resistance.  

GLUT-4 

 As described previously, glucose transport across the sarcolemma occurs via the 

process of facilitated diffusion utilizing a family of glucose transporters. One member of 

this family, GLUT-4, plays a major role and is translocated from intracellular storage 

areas under the influence of insulin and muscle contraction.  

In response to the research showing insulin resistance and reduced rates of post-

exercise glycogen synthesis following eccentric exercise, possible changes in the 

concentration of GLUT-4 have been investigated in an attempt to explain these 

phenomena (4). Immediately after eccentric exercise of the quadriceps muscle there was 

no change in GLUT-4 protein concentration compared to the non-exercised control 

muscle. However, one and two days after exercise the eccentrically exercised muscle 

displayed 68 and 64 % reductions in GLUT-4 protein concentrations, respectively. 

GLUT-4 concentrations had returned to control values by four and seven days post-

exercise. Interestingly, glycogen concentrations in the eccentrically exercised leg 

remained significantly lower than the control leg on days one and two, but returned to 

normal on days four and seven. Casting doubt on the theory put forward by Costill et al. 

(16), it was noted that there was no increase in inflammatory cells in the exercised leg at 

the time points when glycogen levels were reduced over control. Thus, the presence of 

inflammatory cells may not fully explain the reduced glycogen levels noted in the days 

following eccentric exercise.  
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 The relationship between decreased GLUT-4 levels and insulin action following 

eccentric exercise has also been investigated (3). In this study the effects of insulin action 

both at the systemic and muscle level were monitored utilizing a euglycemic clamp 

technique in combination with arterial-venous catheterization. Clamp measurements were 

made two days post-exercise, since this is when GLUT-4 content has been shown to be 

lowest following eccentric exercise (4). In comparison to the non-exercising control leg, 

whole body and muscle insulin action were shown to be impaired. It was also noted that 

the reduced insulin action observed at the muscle level was indeed not sufficient to 

account for the reduced insulin action measured at the whole body, systemic level. It was 

suggested that this could be as a result of the release of a factor from the injured muscle 

that decreases systemic insulin response. The pro-inflammatory cytokine TNF-α, the 

potential effects of which were described previously, is a likely candidate for this factor. 

Glycogen Synthesis 

Following exercise-induced glycogen depletion there appears to be a rapid and 

slow phase of glycogen synthesis (29). In particular, there is an initial, rapid period (30-

60 minutes) which is characterized by an insulin-independent translocation of GLUT-4 

(54), and a more extended period (up to 48 hours) characterized by an insulin-dependent 

phase of glycogen synthesis at a slower rate (36). 

A common finding in several studies has been a reduced ability of skeletal muscle 

to synthesize glycogen following exercise-induced muscle injury (8, 16, 21, 47, 66, 76, 

89). Muscle biopsies taken following seven days of recovery from a marathon showed 

that although muscle glycogen had returned to a “normal” level for a trained muscle 

(~125 mmol·kg-1 ww), it had not returned to the supercompensated levels measured 
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immediately before the marathon (~196 mmol·kg-1 ww) (76). Additionally, and despite 

consuming 800 grams of carbohydrate in the 24 hour period following the marathon, 

muscle glycogen levels rose by only 55 mmol·kg-1 ww during this period, which is a 

response more typical of untrained muscle (67).  

O’Reilly et al. (66) found that eccentric cycle exercise in untrained males reduced 

pre-exercise glycogen levels by 33 % which then remained in this depressed state for ten 

days, suggesting that no glycogen synthesis took place whatsoever in the ten days 

following eccentric exercise. Subjects received 360 grams of carbohydrate per day, with 

no suggestion by the authors of attempts to provide immediate post-exercise 

carbohydrate. This amount of carbohydrate (~5.1 g·kg-1 bw·d-1) is not typically sufficient 

to promote adequate glycogen restoration following a significant degree of depletion, 

since it has been shown that carbohydrate provided in these amounts only modestly 

increases muscle glycogen even during a tapered training period (77), and must be as 

high as 10 g·kg-1 bw·d-1 to maintain glycogen stores during endurance training (78).  

Kuipers et al. (47), investigating moderately trained male cyclists undergoing a 

single bout of concentric and two repeated bouts of eccentric cycling each separated by 

three weeks found that 24 hours following concentric cycling muscle glycogen had 

returned to normal levels, whereas muscle glycogen had actually fallen below baseline 

values 24 hours following eccentric cycling. This was true for both the first and second 

eccentric bout, and indicated that 24 hours following eccentric contractions muscle 

glycogen synthesis is impaired with glycogen demonstrating a decrease below baseline 

values.  
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Seemingly conflicting results to the study of Kuipers et al. (47) were found by 

Blom et al. (8) who determined that a bout of exhaustive running in trained and untrained 

runners allowed for a significant amount of glycogen to be synthesized in the 22 hour 

period following exercise. In support of Kuipers et al. (47), no increases in glycogen 

levels were found during the subsequent 48 hours. Provision of a significant amount of 

carbohydrate (600 g·d-1; ~8.4 g·kg-1 bw) following exercise in the study of Blom et al. (8) 

may explain these contrasting observations.  

Costill et al. (16) implemented a single leg methodology in order to describe the 

pattern of muscle glycogen synthesis following eccentric exercise (100 eccentric 

contractions of the knee extensors of one leg) and subsequent endurance exercise (60 

minutes of cycling with both legs) during the period in which subjects typically encounter 

the most muscle soreness (24-72 hours). Both legs increased their glycogen content 

during 24 hour of recovery, but between 24-72 hours of recovery it was observed that the 

eccentric leg showed only small and non-significant increases in glycogen content. 

Subjects experiencing the highest soreness and serum creatine kinase responses also 

experienced the least amount of glycogen resynthesis. One subject experienced a serum 

creatine kinase value of 30,196 U·L-1 and actually displayed a decrease in muscle 

glycogen of ~38.3 mmol·kg-1 ww in the first 24 hours of recovery with no subsequent 

storage in the following 48 hours. Muscle samples taken 24 hours after eccentric exercise 

contained frequent sites of leukocyte infiltration, and it was concluded that decreased 

glycogen storage was possibly related to the glucose consuming activity of the 

inflammatory response.  
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 Widrick et al. (89) utilized the single leg methodology to characterize in more 

detail the time course of glycogen accumulation following eccentric exercise by 

measuring the rate of glycogen synthesis at 6, 24, and 72 hours post-exercise. Inclusion 

of the six hour time point was a major departure from previous studies. Eccentric exercise 

(eccentric knee flexion) was superimposed on previously glycogen depleted muscle, 

while the opposite leg served as a non-exercising control. A novel finding was that 

glycogen levels six hours post-exercise were the same in eccentric and control muscle. 

This was in stark contrast to the glycogen levels at 24 and 72 hours post-exercise, which 

were 15 and 24 % lower in the eccentrically exercised leg, respectively. It was suggested 

that altered glucose transport could be a causative factor in the lowered rates of glycogen 

synthesis seen in previously eccentrically exercised muscle. 

Doyle et al. (21) conducted a comprehensive investigation of this topic with a 

study designed to allow for a timely analysis of glycogen synthesis (four hours post-

exercise), control of initial glycogen levels, and use of an aggressive post-exercise 

carbohydrate consumption strategy (1.6 g·kg-1 bw·h-1). Subjects underwent an initial 

injury induction protocol with one leg (with the other leg performing equal numbers of 

concentric contractions) that was superimposed on previously glycogen depleted muscle 

induced via stationary cycling and repeated sprints, much as in the study of Widrick et al. 

(89). A unique aspect was that following 48 hours of recovery subjects underwent a 

second bout of glycogen depleting exercise. Thus, two periods of glycogen depletion and 

subsequent synthesis were measured; one following depletion exercise and eccentric 

contractions and one 48 hours later following glycogen depleting exercise only. In 

support of earlier studies, no difference was observed in the rate of glycogen synthesis 
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over the initial four hour post-exercise period. However, four hours after the second bout 

of glycogen depleting exercise (itself taking place 48 hours after the eccentric and 

concentric contractions) revealed significantly decreased rates of glycogen synthesis. The 

rate of glycogen replenishment in the eccentric leg was 25 % lower than in the concentric 

leg (8.14 ± 0.68 vs. 10.97 ± 1.02 mmol·kg-1 ww·h-1, respectively), with this lower rate of 

glycogen synthesis in the eccentrically exercised limb taking place at a time 

corresponding to the development of muscle soreness in the eccentric limb and 

significantly elevated blood creatine kinase levels. Of note is that the insulin response to 

the identical carbohydrate load following the second bout of glycogen depleting exercise 

appeared to be somewhat elevated. This was particularly evident in the first two hours of 

recovery, although the authors provided no indication that this difference was statistically 

significant. Although speculative, it is possible that the trend towards a higher insulin 

response during the carbohydrate load administered 48 hours post-injury was indicative 

of a certain degree of insulin resistance. As indicated by the authors, insulin receptor 

binding and glucose transport are plasma membrane mediated events that could be 

disrupted as a result of membrane-damaging eccentric contractions.  

The studies described above provide support for a temporal relationship between 

reduced glycogen synthesis rates and delayed onset muscle soreness, muscle damage, and 

inflammation. It is apparent that there is a coincidence of events that are initiated during 

the 24-48 hours post-exercise period, namely inflammation, infiltration of mononuclear 

cells, and insulin resistance. There exists the possibility that these events, alone or in 

combination, may be responsible for the reduction in glycogen synthesis following 

eccentric, injury-inducing skeletal muscle contractions. 
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The distinction between an initial insulin-independent and a delayed insulin-

dependent phase of glucose transport would seem to support the findings of transient 

insulin resistance, decreased GLUT-4, and altered glycogen synthesis following eccentric 

exercise. Specifically, normal glycogen synthesis found in the hours immediately 

following eccentric exercise could be explained by elevated GLUT-4 remaining in the 

sarcolemma. Reduced glycogen synthesis rates measured 24-48 hours following such 

exercise can be interpreted as occurring at a time when glucose transport has become 

insulin dependent. Insulin resistance has been consistently observed during this time 

period. Thus, immediately following eccentric contractions glycogen synthesis is normal, 

even in the event insulin resistance is present, because this initial phase does not require 

insulin for translocation of GLUT-4 to the sarcolemma. It is only during the period that 

insulin is required for GLUT-4 translocation that reduced glycogen synthesis is observed. 

Skeletal Muscle Adaptation to Exercise-Induced Muscle Injury 

Repeated Bout Effect 

 Skeletal muscle possesses a considerable degree of plasticity. Befitting this is its 

ability to adapt to eccentric contractions such that an additional bout of eccentric exercise 

results in less markers of damage. This has been referred to as the “repeated bout effect” 

(62).  

During eight weeks of consecutive eccentric training, Friden et al. (27) noted 

pronounced soreness and muscle fiber disruption only following the first 2-3 eccentric 

training sessions, with marked reductions in these variables for the remainder of the 

study. Similarly, several early investigators also noted diminished serum CK responses 
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following exercise training programs (34, 55). The specific time course and magnitude of 

such adaptations has also been investigated (11, 15, 59, 64). 

Byrnes et al. (11) investigated delayed onset muscle soreness, serum CK activity, 

and serum myoglobin activity following repeated bouts of downhill treadmill running. 

Three groups of subjects performed two identical bouts of downhill treadmill running (30 

min, -10º slope) at a speed that had previously elicited a heart rate of 170 beats per 

minute (bpm) during level treadmill running. The bouts were separated by three, six, or 

nine weeks. All groups demonstrated reduced heart rates (9 bpm) and oxygen uptakes 

(2.1 mL·kg-1·min-1) during the second bout of exercise. Muscle soreness, which displayed 

a peak 42 hours following exercise, was significantly decreased compared to the first 

bout when the second bout was performed either three or six weeks later. Muscle 

soreness was not different between bouts when the second bout was conducted nine 

weeks later. Similarly, serum CK levels (expressed as both absolute and relative values) 

were significantly less compared to the first bout when the second bout was performed 

either three or six weeks, with no difference being observed when the second bout was 

delayed by nine weeks. The myoglobin response, when expressed relative to baseline 

values, showed a similar response to serum CK, being significantly depressed when bouts 

were separated by three or six weeks, but not being different when bouts were separated 

by nine weeks. MVC was not assessed during this study. Thus, a second bout of eccentric 

exercise was shown to result in an easily observable repeated bout effect when performed 

three or six weeks later, but not nine weeks later. 

Eston et al. (22) performed a similar study to that of Byrnes et al. (11) but with 

the addition of strength measurements. Subjects performed two downhill treadmill 
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running protocols (7 mph, - 12 % grade) for 40 minutes separated by five weeks. 

Elevations in serum CK and muscle tenderness, although still present, were significantly 

less following the second treadmill run. Interestingly, and in contrast to other studies of 

the repeated bout effect described below, maximal voluntary isometric force exhibited no 

repeated bout effect, displaying identical force decreases and patterns of recovery 

following both bouts of running.    

Newham et al. (59), utilizing maximal eccentric contractions of the elbow flexors, 

provided supporting evidence for the study of Byrnes et al. (11). Subjects performed a 

single eccentric maximal voluntary contraction every 15 seconds for 20 minutes. This 

eccentric exercise protocol was performed on three separate occasions each separated by 

two weeks. MVC, plasma CK, and muscle tenderness were assessed before, immediately 

after, and at daily intervals after each exercise bout. Large (~50 %) decreases in MVC 

were noted immediately after the eccentric contractions, with no difference between 

bouts. Thus, the extent of force loss was identical immediately after each bout. However, 

whereas after the first bout of exercise there was no sign of recovery in the subsequent 24 

hour period with strength deficits remaining close to 50 %, recovery following exercise 

bouts two and three displayed recoveries to 66 and 69 % of baseline, respectively. While 

recovery to full force producing capacity did not occur until one week after the third and 

final bout of exercise, there seemed to be a trend towards a more rapid partial recovery 

following the second and third bouts. 

Possibly the most significant finding in the study of Newham et al. (59) was the 

elimination of an elevated serum CK response as a result of the first bout of exercise. As 

expected, following bout one there was a substantial and delayed increase in serum CK in 
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all subjects. However, following bouts two and three there were no significant increases 

in serum CK at any time point following eccentric exercise. Thus, the serum CK response 

was essentially completely eliminated as a result of a single bout of eccentric 

contractions. Muscle tenderness occurred following each bout, but displayed a 

progressive decline following subsequent bouts.  

The above referenced studies indicated that a relatively severe bout of eccentric 

contractions induced a degree of adaptation that resulted in significantly less soreness and 

elevations in serum CK, as well as more rapid returns of force producing capacity. 

Clarkson et al. (15) investigated whether performance of a relatively low number of 

eccentric contractions resulting in only small changes in indicators of muscle damage 

would result in an appreciable adaptation. Utilizing the eccentric elbow extension model, 

subjects performed 70 maximal contractions with one arm and 24 maximal contractions 

with the other arm, followed two weeks later by 70 maximal contractions with the arm 

that had previously performed 24 contractions. Thus, it was possible to compare the 

response of 70 maximal contractions performed with no prior eccentric exercise with 70 

maximal contractions performed with prior eccentric exercise. 

Isometric force had not returned to baseline by five days post-exercise following 

the initial 70 contractions. In contrast, following 24 contractions force had returned to 

baseline values by two days post-exercise, with the subsequent set of 70 contractions 

demonstrating a return to baseline conditions by only one day post-exercise. Soreness 

ratings were significantly elevated following the initial 70 contractions, with much less 

soreness being experienced following either 24 or 70 subsequent contractions. Serum CK 

values were highest following the initial 70 contractions, and although displaying an 
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increase were significantly lower following 24 contractions. There was no elevation in 

serum CK following the second bout of 70 contractions. 

The study of Clarkson et al. (15) demonstrated that a preliminary bout of eccentric 

contractions (i.e. 24 eccentric contractions) resulting in only a moderately small degree of 

muscle injury allows for an adaptation to take place. Such an adaptation allows the 

muscle to become more resistant to damage and allows for any damage that does occur to 

be repaired at a faster rate.  

The study of Byrnes et al. (11) suggested that eccentric contractions conferred a 

protective effect on subsequent eccentric contractions lasting for up to six weeks, with the 

benefits being lost somewhere between six and nine weeks. Utilizing an eccentric elbow 

extension protocol it has been determined that the protective effect can last for up to six 

months, as evidenced by a faster recovery of maximal isometric force and attenuated 

increases in serum CK, soreness, and swelling (64). Amazingly, a faster recovery of 

maximal isometric force was also noted at nine months. There were no indications of a 

repeated bout effect for any of the measured variables at 12 months post-initial exercise. 

Thus, it was demonstrated that the repeated bout effect could last for up to six months for 

most measures of muscle injury, with the effects on strength recovery lasting up to nine 

months. The contrasting time frames of the repeated bout effect suggested by Byrnes et 

al. (11) and Nosaka et al. (64) could be related to the differing protocols used (downhill 

treadmill running vs. elbow extension), with it being likely that eccentric elbow flexion 

resulted in a significantly greater and more focal degree of muscle injury. Additionally, 

the fact that most individuals spend more time using their legs for purposes of walking 
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may result in an already present protective effect that is lacking in the less frequently 

used arms.       

Mechanism 

 The studies outlined above provide evidence that an initial bout of eccentric 

exercise provides a protective effect on subsequent bouts of similar exercise. In most 

studies, the repeated bout effect is manifested by more rapid returns to full force 

producing capacity (15, 59, 64), decreased soreness ratings (11, 15, 22, 27, 59, 64), and 

significantly reduced serum CK responses (11, 15, 22, 34, 55, 59, 64) following a second 

bout of eccentric contractions. This effect may last for as long as 6-9 months (64). In 

addition, the initial bout does not have to be particularly severe to elicit this adaptation 

(15). The mechanism responsible for this adaptive process has not been fully elucidated, 

although several have been suggested. Concepts put forward to account for the adaptation 

following an initial bout of eccentric exercise can be grouped into neural, connective 

tissue, and cellular theories (56, 57). 

The neural theory proposes that the initial damage stimulates an increased motor 

unit activity (45), slow-twitch fiber recruitment, and motor unit synchronization (30). 

Subsequently, forces encountered during a repeated bout of eccentric contractions are 

spread across more fibers (62). The connective tissue theory describes increases in the 

amount of intramuscular connective tissue (49) and remodeling of the intermediate 

filaments (27) in response to eccentric contractions. Cellular adaptation theories suggest a 

strengthening of cell membranes (15), removal of weak fibers (2), and longitudinal 

addition of sarcomeres (53) as likely candidates for the adaptive response.   
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 Potential membrane related adaptations are particularly intriguing when reduced 

glycogen synthesis (8, 16, 21, 47, 66, 76, 89), transient insulin resistance (3, 41, 42, 44), 

and decreased glucose transporter number (3, 4) resulting from eccentric contractions are 

considered. These three events are intimately related to each other and the integrity of the 

membrane, and adaptations to the membrane following eccentric contractions may reduce 

their degree of severity. The significantly reduced level of serum CK measured after a 

repeated bout of eccentric exercise has been put forth by Clarkson et al. (15) as an 

indication that the cell membrane has been strengthened and is less likely to allow a loss 

of calcium homeostasis and subsequent necrosis of cellular components. 

Conclusion 

Exercise biased towards eccentric muscle contractions has a propensity to cause 

exercise-induced muscle injury, with the effects of a single bout of eccentric exercise 

evidenced by immediate and prolonged declines in the ability to produce maximal force 

(15, 35), elevated blood concentrations of skeletal muscle proteins (13), and muscle 

soreness (10). Eccentric contractions also disrupt glucose metabolism, which is typically 

manifested as an increased insulin response to obtain a given glucose uptake (79), or a 

reduction in the actual uptake of glucose by skeletal muscle cells (44). Likely candidates 

for this alteration in glucose uptake include reduced numbers of sarcolemmal glucose 

transporters (GLUT 4) (3, 4) and insulin resistance (3, 41, 42, 44, 79) following eccentric 

exercise. 

Several studies have established the presence of a “repeated bout effect” with 

regard to the ability of a single eccentric insult to impart an accelerated strength recovery 

and an attenuated serum CK and soreness response (11, 15, 22, 59, 64). Thus, a bout of 
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novel eccentrically-biased exercise can confer a protective effective on skeletal muscle 

such that, within a certain period of time, a second bout of similar exercise seemingly 

results in less disruption to the muscle. This protective repeated bout effect has been 

illustrated to remain effective at reducing the magnitude of symptoms of exercise-

induced muscle-injury for several weeks (11) or even months (64).   

Although several studies have illustrated transient insulin resistance following an 

initial bout of eccentrically-biased exercise, there have been no studies investigating 

whether insulin resistance is attenuated following a second bout of eccentric contractions. 

It remains to be seen whether a second bout of eccentric contractions results in an 

attenuated degree of insulin resistance along the lines of an adaptive repeated bout effect 

as seen with many of the other symptoms of exercise-induced muscle injury. 
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CHAPTER 2 

EFFECT OF A REPEATED BOUT OF ECCENTRICALLY-BIASED 

CONTRACTIONS ON INSULIN RESISTANCE 

Introduction 

Skeletal muscle exposed to unaccustomed eccentric (lengthening) contractions 

exhibits decrements in maximal voluntary force production (MVC) (8, 10, 32), delayed 

swelling and soreness (7), cell membrane damage with release of muscle proteins (e.g. 

creatine kinase [CK]) into the bloodstream (9), and ultrastructural damage (29). These 

disruptions are evident immediately after the contractions and may persist for several 

days. Perturbations in glucose metabolism have also been observed following eccentric 

contractions, including decreased glucose transporter (GLUT) number (4) and a reduced 

ability of the muscle to synthesize glycogen (11, 13, 34, 40).  

Transient insulin resistance has been demonstrated following eccentric 

contractions (3, 19, 20, 22, 37). Sherman et al. (37) administered oral glucose tolerance 

tests (OGTT) 48 hours following eccentric exercise and observed peak insulin and insulin 

area under the curve (AUC) responses that were significantly higher than control values. 

King et al. (19) administered hyperglycemic clamps 36 hours following eccentric 

exercise and demonstrated exaggerated peak insulin levels accompanied by increases in 

the insulin AUC (19). Utilizing euglycemic-hyperinsulinemic clamps, Kirwan et al. (22) 

reported reduced glucose disposal rates 48 h following eccentric exercise. Membrane 
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ultrastructural damage subsequent to high-force eccentric muscle contractions could be a 

plausible explanation for an impairment of insulin mediated glucose transport. 

A “repeated bout effect” occurs in skeletal muscle exposed to prior eccentric 

contractions (31). A second bout of eccentric contractions performed at a later date 

results in less muscle soreness and CK release with a more rapid recovery of strength. 

Evidence of a protective repeated bout effect on measures of muscle injury has been 

demonstrated to extend for several weeks (8) or months (32), often as a result of 

relatively few novel eccentric contractions (10, 33).  

While a single bout of eccentrically-biased exercise has been shown to induce 

insulin resistance, it is not known if a repeated bout of similar eccentrically-biased 

exercise results in the same degree of insulin resistance. Therefore, the purpose of this 

study was to determine whether the insulin resistance experienced following a novel bout 

of eccentrically-biased contractions would be diminished following a second bout of 

eccentric contractions in accordance with the concept of an adaptive repeated bout effect. 

Specifically, it was hypothesized that the AUC for insulin in response to an OGTT would 

be attenuated following a second bout of downhill treadmill running. 

Methods 

Subjects. Ten female recreational athletes participated in this research study 

(Table 1). A preliminary power analysis (with alpha set at 0.05 and power at 0.70) 

utilizing data from Sherman et al. (37) indicated that 10 subjects would be required to 

identify an attenuated insulin response of 20 % above baseline following a second 

downhill treadmill run. Female subjects were recruited because they may demonstrate  
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larger initial force losses and faster recovery rates than males following exercise-induced 

muscle injury (35).  

Criteria for participant selection included a low to moderate level of aerobic 

activity (1-5 hours per week), age between 18-35 years, and “low risk” classification as 

defined by the guidelines of the American College of Sports Medicine (1). Individuals 

previously trained (within the last 12 months) using eccentric contractions (e.g. 

plyometric training) were excluded from the study. Subjects were asked to abstain from 

the consumption of alcohol and caffeine for at least 12 hours prior to all testing sessions, 

to not engage in strenuous physical activity extraneous to the study, and to avoid treating 

any symptoms of exercise-induced muscle injury that may be experienced (e.g., 

cryotherapy, non-steroidal anti-inflammatory drugs, massage, etc.). Baseline VO2 max 

tests were not conducted to avoid the potential initiation of muscle injury and subsequent 

repeated bout effect due to the physical stress of such a maximal effort test. Subjects were 

made aware of the purpose and potential risks of participation in the study prior to 

signing a written informed consent document approved by the Georgia State University 

Institutional Review Board. 

 
 

Table 1. Subject characteristics (n = 10) 

Mean ±  SD Range

Age (yrs) 24.7 ± 3.0 21 - 30
Weight (kg) 64.9 ± 7.5 56.8 - 82.4
Height (m) 1.67 ± 0.07 1.56 - 1.80
Body fat (%) 29.1 ± 5.9 22.8 - 41.9

yrs = years; kg = kilogram; m = meter
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Experimental Design. Insulin resistance was derived from the insulin AUC 

resulting from an OGTT administered after a bout of novel eccentrically-biased exercise 

(downhill treadmill running). The same protocol was repeated after 14 days to determine 

the degree of insulin resistance induced by a second bout of similar exercise. 

Subjects reported to the laboratory on six separate occasions spanning a three 

week period. During the first visit, subject weight, height, and body composition (DEXA, 

Lunar Prodigy, General Electric, Madison, WI) were measured, and an isometric 

quadriceps strength familiarization trial was performed (500H Kincom isokinetic 

dynamometer, Chattanooga Group, Hixson, TN). A second visit 1-7 days later allowed 

for an additional strength familiarization trial, as well as assessment of baseline serum 

CK levels and insulin and glucose responses to an OGTT. 

Subjects subsequently completed two downhill treadmill runs separated by 14 

days. MVC torque and ratings of muscle soreness were assessed immediately pre and 

post-exercise, as well as 48 hours post-exercise. Serum CK and the insulin and glucose 

response to an OGTT were measured 48 hours following each treadmill run. With the 

exception of the OGTT visits, subjects attended each experimental visit 2-3 hours post-

prandial at the same time of day. Macronutrient or caloric content of pre-visit meals were 

not controlled. 

Injury Protocol. Subjects performed two intermittent downhill running protocols 

(DTR 1 and DTR 2) separated by 14 days on a motorized treadmill (Q65, Quinton 

Instrument Co., Bothell, WA) in order to induce muscle injury in the musculature of the 

lower extremities. Subjects ran down a -12 % grade at 8.0 mph for a total of 30 minutes 

(6 x 5 minutes with 2 minute standing rest intervals). Heart rate (Polar Electro, Kempele, 
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Finland) and oxygen consumption (TrueOne 2400 Metabolic Measurement System, 

Parvomedics, Inc., Sandy, Utah) were continuously recorded during the downhill 

treadmill runs. Ratings of Perceived Exertion (RPE) were assessed during the final 

minute of each interval (5). The number of steps taken during the fourth minute of each 5 

minute interval were averaged and multiplied by a factor of 30 in order to estimate the 

total number of steps taken during the entire 30 minutes of running. 

Muscle Strength. Functional changes in the quadriceps muscle group due to 

exercise-induced muscle injury were measured with a 500H Kincom isokinetic 

dynamometer (Chattanooga Group, Hixson, TN). Maximal isometric torque was 

determined immediately before, after, and 48 hours following each treadmill run as 

described previously (17). Briefly, subjects attempted three maximal voluntary isometric 

contractions (MVC) of five second duration at a knee angle of 80 and 90° with each leg 

(with 0° being full extension of the knee). Peak isometric torque measured at each knee 

angle was recorded for analysis. Strength tests taking place 48 hours following treadmill 

runs were performed immediately upon completion of the scheduled OGTT.  

Ratings of Muscle Soreness. Subjective ratings of muscle soreness were assessed 

immediately pre-, post-, and 48 hours post-downhill run using a 100 mm visual analog 

scale (6). Standard instructions were given to rate muscle soreness only in the anterior 

thigh and posterior lower leg. Subjects reported their muscle soreness after stepping 

down from a bench that was 30.45 cm (1 ft.) high. Each subject stepped down a total of 

four times from the bench alternating the leading leg between attempts. A score of “0” 

corresponded to a perception of “no soreness”, while a score of “100” indicated a feeling 
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of “very, very sore”. The mean of the four soreness ratings was calculated and used for 

comparative analysis. 

Oral Glucose Tolerance Test. Each subject underwent three OGTTs. The first 

OGTT was administered 48 hours prior to DTR 1, with the second and third OGTT 

administered 48 hours following DTR 1 and DTR 2, respectively. Subjects reported to 

the lab in the morning after an overnight (8-12 hours) fast for each OGTT. Following a 

baseline blood sample, subjects consumed 75 grams of glucose dissolved in water (Trutol 

75, NERL Diagnostics, East Providence, RI) and blood samples were collected at regular 

intervals (30, 60, 90, and 120 minutes). Subjects remained in a seated position for the 

duration of the OGTT.  

Blood Analysis. Blood samples (~3.5 mL) were collected via venipuncture of a 

superficial arm vein directly into tubes containing a polymer gel and clot activator 

(Vacutainer, Beckton Dickinson, Franklin Lakes, NJ) for collection of serum. A small 

aliquot of blood was immediately removed from each sample to allow for the 

determination of whole blood glucose in duplicate (YSI 2300 STAT Plus, YSI Inc., 

Yellow Springs, OH). Blood samples were allowed to clot at room temperature for 30 

minutes before being centrifuged at 2,000-3,000 g for 15 minutes at 4 ± 2º C. Separated 

serum was transferred to a freezable tube and stored at -20 º C until analyzed for serum 

insulin and CK activity. Serum insulin levels were measured in duplicate with a 

microplate reader (Opsys MR, Dynex Technologies, Chantilly, VA) using a human 

insulin ELISA kit (Linco Research, St. Charles, MO). Serum CK activity was measured 

in duplicate with a spectrophotometer (Beckman DU 650, Beckman Coulter, Inc., 

Fullerton, CA) using a CK reagent kit (Pointe Scientific, Inc., Lincoln Park, MI). The 
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intra-assay coefficients of variation for duplicate measures of whole blood glucose, serum 

insulin, and serum CK were 1.6, 4.3, and 3.7 %, respectively.  

Area Under the Curve (AUC). Area under the curve (AUC) for insulin and 

glucose were calculated utilizing the trapezoid method (SigmaPlot, Version 8.02, SPSS, 

Chicago, IL), and expressed as µU·mL-1·120 min-1 and mmol·L-1·120 min-1, respectively. 

The baseline for determination of the insulin and glucose AUC calculations was set at 

fasting levels. Use of the OGTT, along with calculation of the integrated area under the 

insulin curve, has been shown to be an accurate surrogate measure of insulin resistance 

(41). 

Statistical Analysis. Maximal isometric quadriceps strength and lower extremity 

muscle soreness were analyzed with separate two-way (Bout x Time) ANOVA with 

repeated measures on time. Serum CK activity, basal and peak insulin and glucose, and 

insulin and glucose AUC data were analyzed with separate one-way ANOVA with 

repeated measures on time. Subjects’ responses to the downhill treadmill runs (average 

oxygen consumption, heart rate, RPE, steps·min-1, and total steps) were analyzed with 

separate dependent samples t-tests. Statistical significance was determined at an alpha 

level of p < 0.05. When warranted, post hoc comparisons were made using Fisher’s least 

significant difference test. All statistical analyses were performed using SPSS 12.0 

(SPSS, Chicago, IL). Values are listed as mean ± standard error of the mean (SEM) 

except where noted. 

Results 

Insulin Response. Fasting insulin was not different (p = 0.69) between baseline 

and 48 hours following DTR 1 or DTR 2 (Table 2 and Figure 1A). Compared to baseline,  
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Table 2: Fasting and Peak Insulin and Glucose Responses to an OGTT 

Insulin (µU·mL-1)
Basal 5.52 ± 0.52 5.21 ± 0.72 5.06 ± 0.84
Peak 31.62 ± 3.99 44.11 ± 5.07* 38.35 ± 5.93

Glucose (mmol·L-1)
Basal 4.04 ± 0.11 4.11 ± 0.12 4.03 ± 0.12
Peak 5.49 ± 0.35 6.45 ± 0.37* 5.66 ± 0.22

BASE = baseline OGTT; DTR 1 = OGTT 48 h following DTR 1; DTR 2 = OGTT 
48 h following DTR 2. *Significantly different than BASE and DTR 2 (p < 0.05).

BASE DTR 1 DTR 2
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Figure 1. Insulin (A) and glucose (B) response to an OGTT administered at baseline 
(BASE) and 48 h following DTR 1 and DTR 2. *Significantly different than BASE and 
DTR 2 (p < 0.05). +Significantly different than BASE (p < 0.05).  
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there was a significantly higher peak insulin response during the OGTT administered 48 

hours following DTR 1 (p < 0.01), with no elevation above the baseline OGTT insulin 

response 48 hours following DTR 2 (p = 0.08) (Table 2 and Figure 1A). Insulin AUC 

was significantly higher than baseline AUC 48 hours following DTR 1 (37.6 ± 8.4 %), 

but was not significantly higher than baseline AUC 48 hours following DTR 2 (p = 0.28) 

(Figure 2A).  
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Figure 2. Insulin (A) and glucose (B) AUC in response to an OGTT administered at 
baseline (BASE) and 48 h following DTR 1 and DTR 2. *Significantly different than 
BASE and DTR 2 (p < 0.05). 
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Glucose Response. Fasting glucose was not different (p = 0.59) between baseline 

and 48 hours following DTR 1 or DTR 2 (Table 2 and Figure 1B). Compared to baseline, 

there was a significantly higher peak glucose response during the OGTT administered 48 

hours following DTR 1 (p < 0.05), with no elevation above the baseline OGTT glucose 

response 48 hours following DTR 2 (p = 0.60) (Table 2 and Figure 1B). Glucose AUC 

was significantly higher than baseline AUC 48 hours following DTR 1 (21.4 ± 4.7 %), 

but was not significantly higher than baseline AUC 48 hours following DTR 2 (p = 0.99) 

(Figure 2B). 

Maximal Isometric Strength. Subjects produced similar torque values at the two 

angles measured (p = 0.27) and with both legs (p = 0.10) at each time point. Thus, 

comparisons at each time point are based on a composite torque value calculated as an 

average of the pooled results of both angles and legs. Subjects were familiarized with the 

strength testing procedure after the initial familiarization trial, as evidenced by no 

significant differences between strength measurements during the second familiarization 

trial and that measured immediately before the first downhill treadmill run (214.4 ± 11.6 

vs. 222.7 ± 9.7 Nm, respectively; p = 0.59) and a correlation coefficient of 0.99 (p < 

0.01). Baseline MVC torque immediately prior to DTR 1 and DTR 2 were similar 

(222.70 ± 9.69 vs. 221.03 ± 9.66 Nm, respectively; p = 0.49). The decline and subsequent 

recovery of MVC torque were different between treadmill runs (Figure 3). Immediately 

post-exercise, MVC torque declined to a greater degree following DTR 1 (DTR 1 vs. 

DTR 2, 16.7 ± 2.6 vs. 8.62 ± 1.17 %, respectively). Forty eight hours after DTR 1 MVC 

torque showed a significant degree of recovery but was still reduced by 9.40 ± 2.73 %  
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Figure 3. Maximal isometric torque measured at baseline (BASE), immediately after 
(Post-I), and 48 h after (Post-2d) DTR 1 and DTR 2 (values are means ± SEM of both 
legs and angles). *Significantly different than DTR 2 (p < 0.05). +Significantly different 
than respective BASE (p < 0.05). 

 

compared to baseline values. Forty-eight hours after DTR 2 MVC torque had fully 

recovered back to baseline values. 

CK Activity. Serum CK values tended to be elevated 48 hours following DTR 1 

(93.6 ± 21.6 vs. 812.8 ± 365.1 U·L-1; p = 0.07) and were elevated 48 hours following 

DTR 2 (p < 0.05). The CK response 48 hours following DTR 2 tended to be less than the 

response 48 hours following DTR 1 (DTR 1 vs. DTR 2, 812.8 ± 365.1 vs. 162.5 ± 42.5 

U·L-1, respectively; p = 0.08).  

Muscle Soreness. Subjects reported a similarly mild degree of muscle soreness in 

their lower extremities immediately following both treadmill runs (p = 0.10) (Figure 4). 

Forty eight hours following DTR 1 subjects reported a moderate degree of muscle  



51 

 

Figure 4. Soreness measured at baseline (BASE), immediately after (Post-I), 
and 48 h after (Post-2d) DTR 1 and DTR 2 (values are means ± SEM of both 
legs). *Significantly different than DTR 2 (p < 0.05). +Significantly different 
than respective BASE (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

soreness (48.08 ± 6.16 mm), while soreness remained at a mild level (12.70 ± 3.24 mm) 

48 hours following DTR 2. 

Injury Protocol. A similar number of total steps were taken during the downhill 

treadmill runs (DTR 1 vs. DTR 2, 5139.5 ± 77.6 vs. 5131.5 ± 81.8 steps, respectively; p = 

0.78). There was a trend towards a lower average oxygen consumption during DTR 2 

(27.1 ± 1.0 vs. 25.5 ± 0.7 mL·kg-1·min-1, p = 0.07). Subject body weight measured 

immediately before each treadmill run was not different (65.96 ± 2.60 vs. 66.39 ± 2.62 

kg, p = 0.16). Both average heart rate (165.1 ± 4.8 vs. 158.2 ± 5.0 b·min-1) and RPE (12.2 

± 0.5 vs. 11.0 ± 0.5) were lower during DTR 2 (p < 0.05). 
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Discussion 

 The major findings of this study were that the elevated insulin and glucose 

responses indicating increased insulin resistance that occurred following a novel bout of 

eccentrically-biased exercise were completely eliminated following a second bout of 

eccentric exercise performed 14 days later. As has previously been demonstrated (7, 8, 

10, 29, 32), the initial bout of eccentric exercise in this study resulted in the induction of 

muscle injury as evidenced by elevations in muscle soreness and serum creatine kinase, 

as well as immediate and prolonged decrements in MVC torque, all of which were 

diminished following the second bout of identical contractions. 

A number of studies investigating exercise-induced muscle injury have illustrated 

the response of skeletal muscle to an acute bout of novel eccentric exercise. Delayed 

onset muscle soreness (DOMS) is one of the most readily apparent symptoms of 

exercise-induced muscle injury. It is not typically experienced immediately following 

exercise but appears several hours after the bout, reaches a peak 24-48 hours later, and 

then gradually resolves over the next few days (10, 30, 36). Force deficits have been 

found to be maximal immediately following exercise-induced muscle injury, and in most 

cases commence recovery after 24-48 hours, with full recovery being dependent upon the 

magnitude of injury (10, 28) but typically occurring within 3-14 days (10, 14, 28). Serum 

CK displays a delayed increase, typically peaking 2-5 days following exercise before 

returning to baseline within approximately seven days (9, 36, 37). 

The response of subjects to a novel bout of eccentrically-biased exercise in the 

present study is in general agreement with those of previous investigations. Subjects 

reported only a very mild degree of lower extremity muscle soreness immediately 
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following DTR 1, which reached moderate levels 48 hours following exercise. 

Immediately following DTR 1, MVC torque was reduced by 17 % and exhibited only a 

partial recovery (10 % below baseline) in the subsequent 48 hours. Serum CK measured 

48 hours following DTR 1 appeared to be elevated ~8-fold, although this increase failed 

to achieve statistical significance. It is possible that a true treatment effect was masked by 

the inherent variability of the CK response (9, 39). It has been documented that within a 

normal population there exists a small percentage of individuals who exhibit an 

inordinate CK response to unaccustomed exercise (11, 39). Two such subjects appear to 

be present in the current study, exhibiting ~15-fold increases in CK compared to the ~4-

fold increases of all other subjects. Removal of these two subjects from the analysis 

reveals a statistically significant 4-fold increase in CK levels 48 hours following DTR 1. 

Examined together, the perturbations in soreness, MVC torque, and CK can be taken as 

indicators that a moderate degree of exercise-induced muscle injury was achieved as a 

result of the initial 30 minute bout of downhill treadmill running. 

Although susceptible to injury by novel eccentric muscular actions, skeletal 

muscle displays a readily observable “repeated bout effect” whereby muscles exposed to 

prior eccentric contractions exhibit reduced soreness and CK responses in addition to 

more rapid returns to full force producing capacity when subsequently submitted to a 

second bout (8, 10, 28, 32, 33). Byrnes et al. (8) observed that muscle soreness and serum 

CK responses to a repeated bout of downhill treadmill running were reduced by 

approximately 80 and 40 %, respectively, while oxygen consumption and heart rate 

measured during exercise were also lower. The eccentric elbow flexion model has 

demonstrated a complete suppression of the serum CK response (28) and a significantly 
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accelerated rate of recovery for MVC torque (10, 28), with complete recovery taking 

place one day following a second bout compared to only partial recovery five days 

following an initial novel bout (10). 

As has been previously demonstrated (8, 10, 28, 32), the present study revealed a 

repeated bout effect with reference to MVC torque and soreness. Although there was a 

trend for an attenuated CK response, it was perhaps clouded by the inherent individual 

variability of this measure. 

The initial decline in MVC torque immediately following DTR 2 was 

significantly less than that observed following the first treadmill run, and MVC torque 

made a complete recovery back to baseline levels 48 hours following exercise. In 

contrast, 48 hours following DTR 1 MVC torque was still reduced by 9 %. These results 

are in slight contrast to observations in other studies where repeated eccentric 

contractions resulted in an identical decline in MVC torque immediately post-exercise, 

with the repeated bout effect only being evident as a more rapid recovery in the days that 

follow (10, 18, 28). However, such studies utilized eccentric contractions of the elbow 

flexors, which appear to result in a greater degree of muscle injury. Additionally, Eston et 

al. (14) failed to observe a repeated bout effect for MVC torque following repeated 

downhill treadmill running, although bouts were separated by five weeks compared to 

only two weeks in the present study. It is possible that the protective effect of downhill 

treadmill running on enhanced MVC torque recovery is diminished somewhere beyond 

two weeks, although this cannot be determined from the current study. 

Lower extremity muscle soreness was rated as mild immediately following both 

downhill treadmill runs, but displayed a sharp increase 48 hours following DTR 1 only. 
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Heart rate and RPE were lower by 6.9 ± 1.7 b·min-1 and 1.2 ± 0.2 points, respectively, 

and oxygen consumption tended to be lower by 1.1 ± 0.5 mL·kg-1·min-1 (p = 0.07) during 

DTR 2 compared to DTR 1. These results are in agreement with the findings of Byrnes et 

al. (8) who observed reductions in heart rate and oxygen consumption of 9 b·min-1 and 

2.1 mL·kg-1·min-1, respectively, during a repeated bout of downhill treadmill running. 

Defined as an attenuated physiological response to normal levels of insulin (21), 

insulin resistance following exercise-induced muscle injury has been documented by a 

number of studies (19, 20, 22, 37). Utilizing hyperglycemic clamp procedures 36 hours 

following eccentric knee flexions and extensions, King et al. (19) observed that eccentric 

exercise resulted in exaggerated peak insulin levels that were 28 % above control values 

during the early phase (0-10 minutes) of the clamp, accompanied by an 83 % increase in 

the insulin AUC. Utilizing euglycemic-hyperinsulinemic clamps 48 hours following 

downhill treadmill running, Kirwan et al. (22) were able to specifically measure glucose 

disposal rates and determined that they were reduced by 37 % compared to control 

values. 

Further evidence of insulin resistance following eccentric exercise was provided 

by Sherman et al. (37). Insulin and glucose responses to an OGTT were assessed 48 

hours following downhill treadmill running, level treadmill running, or isokinetic leg 

exercise. Downhill treadmill running resulted in peak insulin and insulin AUC responses 

that were ~19 and 37 % higher than control values, respectively. Although peak insulin 

and insulin AUC were elevated, the blood glucose response to the OGTT was not altered, 

suggesting no alteration in glucose tolerance. Stated differently, a greater amount of 

insulin was required to maintain glucose homeostasis following eccentric exercise. Level 
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treadmill running did not alter the insulin or glucose response to the OGTT, although it 

did result in an increase in serum CK. Echoing the potential mechanism put forward by 

others (22), it was hypothesized that decreased insulin effectiveness resulted from 

disruptions to binding of insulin to its receptor, reductions in the availability of glucose 

transporters, or alterations in the intracellular glucose disposal pathway. 

In the current study, 48 hours following DTR 1 peak insulin during the OGTT 

was elevated by 43 % compared to baseline, with the insulin AUC exhibiting a 38 % 

increase. In contrast to the findings of Sherman et al. (37), peak glucose and glucose 

AUC were also significantly elevated (20 and 21 %, respectively) in response to the 

initial downhill treadmill running bout. Thus, the presence of elevated insulin levels was 

unable to maintain glucose homeostasis 48 hours following DTR 1. It is important to note 

that the study of Sherman et al. (37) utilized male subjects that were considerably heavier 

and leaner than the females used in the current study. Indeed, body fat differences aside 

subjects in the present study received glucose in amounts approximating 1.6 g·kg-1 lean 

bw, whereas those in the Sherman et al. (37) study received 1.0 g·kg-1 lean bw. Increased 

provision of glucose per unit body mass during the OGTT, combined with a greater 

percentage of body fat, could explain the contrasting findings of glucose intolerance 

following the initial downhill treadmill run in the present study.  

Skeletal muscle can be highly regulated by insulin, and under resting conditions 

accounts for approximately 85 % of glucose disposal following glucose ingestion (12, 

38). Failure to adequately dispose of blood glucose following eccentric exercise could 

help explain the reduced rates of skeletal muscle glycogen synthesis shown to occur 

following exercise-induced muscle injury (11, 13, 34, 40). 
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To our knowledge, there appear to have been no studies investigating the repeated 

bout effect as it may pertain to insulin resistance occurring after eccentric exercise. The 

results of the current study clearly demonstrate that the insulin resistance experienced 

following a repeated bout of eccentric contractions was not merely attenuated but was 

completely eliminated. This was despite the fact that the initial injury bout appeared to 

induce only a moderate degree of muscle injury. This should not be surprising, since it 

has been shown that performance of only a small number of novel eccentric contractions 

confers a significant protective effect, at least as it pertains to strength, soreness, and CK 

responses (10). Although elevated following DTR 1, peak insulin, glucose, and their 

respective AUC showed no such elevations above baseline levels following DTR 2. 

Therefore, the presence of a repeated bout effect for the altered insulin and glucose 

response was noted following the second bout of eccentric contractions.  

Several mechanisms have been suggested to account for the adaptive processes 

that take place following eccentric contractions. Concepts put forward to account for the 

adaptation can be grouped into neural, connective tissue, and cellular theories (26, 27). 

Accordingly, the neural theory proposes that the initial damage stimulates an increased 

motor unit activity (23), slow-twitch fiber recruitment, and motor unit synchronization in 

subsequent eccentrically-biased exercise (16). Accordingly, forces encountered during a 

repeated bout of eccentric contractions are spread across more muscle fibers (31). The 

connective tissue theory describes an increased amount of intramuscular connective 

tissue (24) and remodeling of intermediate filaments (15). Cellular adaptation theories 

suggest a strengthening of cell membranes (10), removal of weak fibers (2), and 

longitudinal addition of sarcomeres (25) as likely candidates for the adaptive response.   
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The design of the current study does not allow for a direct determination of the 

specific mechanism or mechanisms that may be responsible for the attenuated insulin and 

glucose response to a repeated bout of eccentric contractions. However, potential 

membrane related adaptations are particularly intriguing when reduced glycogen 

synthesis (11, 13, 34, 40), transient insulin resistance (19, 20, 22, 37), and decreased 

glucose transporter number (3) resulting from eccentric contractions are considered. 

These events are intimately related to each other and to the integrity of the membrane, 

and alterations to the membrane following repeated eccentric contractions may reduce 

their degree of severity.  

The significantly reduced level of serum CK measured after a repeated bout of 

eccentric exercise has been put forth by Clarkson et al. (10) as an indication that the cell 

membrane has been strengthened and is less likely to allow a loss of calcium homeostasis 

and subsequent necrosis of cellular components. A trend towards a lower CK response 

following DTR 2 in the present study suggests that there may have been less cell 

membrane damage. 

Better maintenance of membrane integrity following eccentric contractions may 

be accompanied by reduced disruptions in binding of insulin to its receptor, increased 

availability of glucose transporters, and positive alterations in the intracellular glucose 

disposal pathway, which could explain the reduced insulin and glucose response 

following repeated eccentric exercise observed in the present study. Future studies are 

warranted to address the degree to which these mechanisms may have been operating.  

In conclusion, a novel bout of downhill treadmill running resulted in muscle 

injury and an elevated insulin and glucose response. A second bout of downhill treadmill 
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running performed two weeks later was associated with a lesser degree of muscle injury. 

The unique finding of this study was that the insulin resistant state observed following a 

novel bout of downhill treadmill running was completely eliminated following a second 

bout. These results suggest that novel eccentric contractions induce adaptations that lead 

to the elimination of insulin resistance and a normalization of the glycemic response to 

subsequent eccentrically-biased exercise.    
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APPENDIX B 
 

HEALTH HISTORY FORM 
 

 



68 

 

 
 



69 

 



70 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 



 

71 

APPENDIX C 
 

RECRUITMENT FLYER 
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APPENDIX E 

 
DATA COLLECTION FORMS 
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APPENDIX F 
 

PHYSICAL CHARACTERISTICS OF SUBJECTS 
 
 

Age Weight Height Body Fat
Subject (yrs) (kg) (m) (%)

1 24 62.4 1.63 32.7
2 23 70.9 1.68 32.8
3 23 64.7 1.80 25.8
4 27 59.6 1.68 28.3
5 24 58.4 1.67 22.8
6 24 82.4 1.64 41.9
7 22 66.0 1.78 25.8
8 30 66.5 1.65 23.1
9 29 61.6 1.56 32.5
10 21 56.8 1.64 25.5

Mean 24.70 64.93 1.67 29.12
SEM 0.94 2.35 0.02 1.87
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AREA UNDER THE CURVE 
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INSULIN AREA UNDER THE CURVE 
(µU·mL-1120 min-1) 

 
 

Subject BASE DTR 1 DTR 2

1 2485.20 3238.80 2844.60
2 1378.80 1584.00 980.85
3 2620.20 3040.65 2121.60
4 2559.41 2973.30 2539.95
5 1871.10 3194.85 2724.30
6 4231.05 6046.80 5168.25
7 2328.75 3585.00 2918.40
8 2285.10 4340.85 1522.05
9 2516.10 3291.15 2864.55

10 3208.80 3540.30 4055.25

Mean 2548.45 3483.57 2773.98
SEM 240.88 358.45 375.26
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GLUCOSE AREA UNDER THE CURVE 
(mmol·L-1120 min-1) 

 
 

Subject BASE DTR 1 DTR 2

1 429.45 604.50 509.10
2 649.20 678.45 567.30
3 473.70 576.45 480.00
4 410.57 553.50 508.28
5 448.35 611.55 533.70
6 677.85 705.38 641.48
7 689.70 768.90 551.93
8 567.00 780.90 538.65
9 481.20 504.68 432.36
10 487.58 572.85 552.38

Mean 531.46 635.72 531.52
SEM 33.55 29.52 17.58
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INSULIN AND GLUCOSE AREA UNDER THE CURVE 
(PERCENT INCREASE FROM BASELINE) 

 
 

Subject DTR 1 DTR 2 DTR 1 DTR 2

1 30.32 14.46 40.76 18.55
2 14.88 -28.86 4.51 -12.62
3 16.05 -19.03 21.69 1.33
4 16.17 -0.76 34.81 23.80
5 70.75 45.60 36.40 19.04
6 42.91 22.15 4.06 -5.37
7 53.95 25.32 11.48 -19.98
8 89.96 -33.39 37.72 -5.00
9 30.80 13.85 4.88 -10.15

10 10.33 26.38 17.49 13.29

Mean 37.61 6.57 21.38 2.29
SEM 8.44 8.29 4.74 4.85

Insulin Glucose
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APPENDIX H 
 

FASTING AND PEAK INSULIN AND GLUCOSE
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FASTING AND PEAK INSULIN 
(µU·mL-1) 

 
 

Subject BASE DTR 1 DTR 2 BASE DTR 1 DTR 2

1 7.12 8.19 11.25 24.78 39.21 33.05
2 5.64 3.08 1.87 12.94 16.32 13.12
3 5.67 3.09 4.24 33.31 41.31 28.37
4 4.41 4.20 4.89 36.05 41.29 35.90
5 5.45 6.51 3.97 22.46 37.60 36.47
6 8.78 9.35 7.50 57.57 77.67 75.96
7 2.73 3.05 3.71 22.39 36.72 42.24
8 4.29 3.99 2.98 30.43 60.60 18.71
9 5.81 6.49 5.67 31.74 46.74 37.29

10 5.32 4.15 4.50 44.55 43.61 62.36

Mean 5.52 5.21 5.06 31.62 44.11 38.35
SEM 0.52 0.72 0.84 3.99 5.07 5.93

Fasting Insulin Peak Insulin
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FASTING AND PEAK GLUCOSE 
(mmol·L-1) 

 
 

Subject BASE DTR 1 DTR 2 BASE DTR 1 DTR 2

1 3.69 4.04 3.77 3.80 6.29 5.43
2 4.34 4.10 3.96 6.30 5.99 5.43
3 3.72 3.47 4.04 5.13 5.63 5.03
4 3.50 3.84 3.68 4.85 6.36 5.39
5 4.04 4.32 4.23 4.13 6.03 5.46
6 4.68 4.85 4.77 7.14 8.01 6.77
7 3.95 4.13 3.78 6.84 7.22 5.27
8 4.43 4.46 4.50 6.23 8.63 6.77
9 4.02 4.14 3.62 5.04 4.79 4.85

10 4.01 3.75 3.96 5.48 5.58 6.24

Mean 4.04 4.11 4.03 5.49 6.45 5.66
SEM 0.11 0.12 0.12 0.35 0.37 0.22

Fasting Glucose Peak Glucose
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PEAK INSULIN AND GLUCOSE 
(PERCENT INCREASE FROM BASELINE) 

 
 

Subject DTR 1 DTR 2 DTR 1 DTR 2

1 58.20 33.40 65.50 42.90
2 26.10 1.40 -4.90 -13.80
3 24.00 -14.80 9.70 -1.90
4 14.50 -0.40 31.10 11.10
5 67.40 62.40 46.00 32.20
6 34.90 31.90 12.20 -5.20
7 64.00 88.70 5.60 -23.00
8 99.10 -38.50 38.50 8.70
9 47.30 17.50 -5.00 -3.80

10 -2.10 40.00 1.80 13.90

Mean 43.34 22.16 20.05 6.11
SEM 9.42 11.83 7.57 6.38

Insulin Glucose
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APPENDIX I 
 

CREATINE KINASE 
(U·L-1) 

 
 

Subject BASE DTR 1 DTR 2

1 45.16 114.70 79.43
2 77.46 364.70 157.88
3 72.18 351.85 129.53
4 35.76 67.24 60.48
5 47.46 522.58 118.49
6 253.96 3272.93 527.85
7 63.61 184.74 78.44
8 101.02 183.26 129.37
9 68.56 397.66 172.88

10 170.73 2668.11 170.73

Mean 93.59 812.78 162.51
SEM 21.55 365.12 42.45
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APPENDIX J 
 

TORQUE
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TORQUE 
(Nm) 
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TORQUE 
(PERCENT OF BASELINE) 

 
 

Subject POST POST 2d POST POST 2d

1 77.30 86.10 87.92 101.71
2 80.87 90.32 84.37 101.09
3 88.59 91.58 89.78 99.23
4 96.26 97.35 96.51 99.55
5 71.67 76.46 93.51 102.10
6 76.56 98.72 89.10 101.80
7 90.33 104.40 94.39 103.76
8 92.21 90.23 91.92 91.70
9 77.35 78.65 91.21 101.00

10 82.04 92.17 95.09 100.00

Mean 83.32 90.60 91.38 100.19
SEM 2.55 2.73 1.17 1.03

DTR 1 DTR 2
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TORQUE 
(PERCENT DECLINE FROM BASELINE) 

 
 

Subject POST POST 2d POST POST 2d

1 -22.70 -13.90 -12.08 1.71
2 -19.13 -9.68 -15.63 1.09
3 -11.41 -8.42 -10.22 -0.77
4 -3.74 -2.65 -3.49 -0.45
5 -28.33 -23.54 -6.49 2.10
6 -23.44 -1.28 -10.90 1.80
7 -9.67 4.40 -5.61 3.76
8 -7.79 -9.77 -8.08 -8.30
9 -22.65 -21.35 -8.79 1.00

10 -17.96 -7.83 -4.91 0.00

Mean -16.68 -9.40 -8.62 0.19
SEM 2.55 2.73 1.17 1.03

DTR 1 DTR 2
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APPENDIX K 
 

SORENESS 
(mm) 

 
 

Subject PRE POST POST 2d PRE POST POST 2d

1 4.25 19.75 63.50 1.00 7.25 19.00
2 1.50 14.75 50.00 1.50 7.50 7.00
3 1.00 1.25 19.75 1.00 1.50 13.50
4 1.00 2.50 67.50 3.75 10.00 3.00
5 2.00 13.00 66.75 1.00 9.75 36.50
6 1.00 25.25 75.25 1.00 7.00 15.25
7 1.00 7.50 34.50 1.00 2.50 16.50
8 1.00 1.00 25.25 1.00 6.00 4.25
9 1.00 5.00 43.50 1.00 1.00 10.00

10 1.00 11.75 34.75 1.00 4.00 2.00

Mean 1.48 10.18 48.08 1.33 5.65 12.70
SEM 0.33 2.60 6.16 0.27 1.03 3.24

DTR 1 DTR 2
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APPENDIX L 
 

TREADMILL DATA 
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TREADMILL RUN AVERAGES 
 
 

VO2 VO2 RER HR RPE Steps Steps
Subject (L·min-1) (mL·kg-1·min-1) (b·min-1) (min-1) (total)

1 1.65 26.4 0.90 149.7 12.0 174.8 5245
2 2.00 28.3 0.93 175.2 14.0 162.0 4860
3 1.87 29.4 0.84 178.2 10.3 165.8 4975
4 1.40 23.7 0.95 133.2 9.8 165.5 4965
5 1.74 30.8 0.88 184.2 14.7 159.5 4785
6 1.78 21.4 0.95 178.8 14.2 174.2 5225
7 1.89 28.2 0.84 163.2 11.2 178.7 5360
8 1.69 25.1 0.93 161.8 12.3 185.0 5550
9 1.71 27.1 0.95 162.3 11.3 178.2 5345
10 1.78 30.7 0.91 164.8 12.3 169.5 5085

Mean 1.75 27.1 0.91 165.1 12.2 171.3 5139.5
SEM 0.05 1.0 0.01 4.8 0.5 2.6 77.6

VO2 VO2 RER HR RPE Steps Steps
Subject (L·min-1) (mL·kg-1·min-1) (b·min-1) (min-1) (total)

1 1.66 25.9 0.90 148.0 11.5 173.8 5215
2 1.91 26.7 0.95 167.5 11.8 157.0 4710
3 1.75 26.9 0.89 163.3 9.5 171.5 5145
4 1.39 23.2 0.92 122.8 9.2 166.5 4995
5 1.64 29.1 0.91 176.8 12.3 159.5 4785
6 1.93 23.0 0.89 175.7 13.7 175.0 5250
7 1.59 24.0 0.89 162.2 10.3 175.7 5270
8 1.64 24.4 0.84 146.2 11.7 186.5 5595
9 1.70 26.7 0.93 157.7 9.0 176.3 5290
10 - - - 162.0 10.8 168.7 5060

Mean 1.69 25.5 0.90 158.2 11.0 171.1 5131.5
SEM 0.06 0.7 0.01 5.0 0.5 2.7 81.8

DTR 1

DTR 2
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OXYGEN CONSUMPTION 
PER STAGE 

(L·min-1) 
 
 

Subject 1 2 3 4 5 6 Avg

1 1.61 1.62 1.64 1.64 1.68 1.69 1.65
2 1.85 1.92 2.03 2.07 2.06 2.04 2.00
3 1.88 1.84 1.85 1.87 1.90 1.90 1.87
4 1.36 1.37 1.38 1.40 1.41 1.45 1.40
5 1.60 1.55 1.73 1.83 1.87 1.86 1.74
6 1.74 1.72 1.80 1.80 1.81 1.82 1.78
7 1.69 1.81 1.91 1.98 1.95 2.00 1.89
8 1.61 1.68 1.73 1.72 1.72 1.70 1.69
9 1.62 1.65 1.72 1.78 - 1.80 1.71
10 1.70 1.77 1.79 1.85 1.76 1.82 1.78

Mean 1.67 1.69 1.76 1.79 1.80 1.81 1.75
SEM 0.05 0.05 0.05 0.06 0.06 0.05 0.05

Subject 1 2 3 4 5 6 Avg

1 1.59 1.62 1.65 1.70 1.69 1.68 1.66
2 1.86 1.82 1.91 1.95 1.93 2.00 1.91
3 1.61 1.73 1.78 1.81 1.76 1.81 1.75
4 1.35 1.37 1.37 1.39 1.41 1.42 1.39
5 1.55 1.62 1.67 1.67 1.66 1.69 1.64
6 1.79 1.85 1.92 1.96 1.97 2.07 1.93
7 1.42 1.49 1.57 1.66 1.65 1.73 1.59
8 1.54 1.61 1.63 1.69 1.68 1.69 1.64
9 1.57 1.65 1.75 1.75 - 1.80 1.70
10 - - - - - - -

Mean 1.59 1.64 1.69 1.73 1.72 1.77 1.69
SEM 0.05 0.05 0.06 0.06 0.06 0.06 0.06

DTR 1

DTR 2

Stage

Stage
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OXYGEN CONSUMPTION 
PER STAGE 

(mL·kg-1·min-1) 
 
 

Subject 1 2 3 4 5 6 Avg

1 25.8 26.0 26.3 26.2 26.9 27.1 26.4
2 26.2 27.2 28.8 29.4 29.3 29.0 28.3
3 29.5 28.9 29.0 29.4 29.8 29.8 29.4
4 23.1 23.2 23.4 23.8 23.9 24.5 23.7
5 28.3 27.4 30.6 32.4 33.1 32.8 30.8
6 20.9 20.6 21.6 21.6 21.8 21.8 21.4
7 25.2 27.1 28.5 29.5 29.1 29.8 28.2
8 23.7 24.9 25.6 25.4 25.5 25.2 25.1
9 25.6 26.0 27.2 28.1 - 28.4 27.1
10 29.3 30.5 30.9 31.9 30.3 31.3 30.7

Mean 25.8 26.2 27.2 27.8 27.7 28.0 27.1
SEM 0.9 0.9 1.0 1.1 1.2 1.1 1.0

Subject 1 2 3 4 5 6 Avg

1 24.9 25.4 25.9 26.6 26.4 26.3 25.9
2 25.9 25.4 26.6 27.3 27.0 27.9 26.7
3 24.7 26.5 27.3 27.8 27.1 27.7 26.9
4 22.6 23.0 22.9 23.3 23.6 23.9 23.2
5 27.4 28.8 29.6 29.5 29.4 29.9 29.1
6 21.3 22.1 23.0 23.4 23.5 24.7 23.0
7 21.5 22.6 23.8 25.1 25.0 26.2 24.0
8 23.0 24.0 24.3 25.1 25.0 25.2 24.4
9 24.6 25.8 27.4 27.4 - 28.1 26.7
10 - - - - - - -

Mean 24.0 24.8 25.6 26.2 25.9 26.7 25.5
SEM 0.7 0.7 0.8 0.7 0.7 0.6 0.7

DTR 1

Stage

DTR 2

Stage

 



97 

 

RESPIRATORY EXCHANGE RATIO 
PER STAGE 

 
 

Subject 1 2 3 4 5 6 Avg

1 0.89 0.90 0.91 0.91 0.89 0.89 0.90
2 0.92 0.93 0.94 0.94 0.93 0.93 0.93
3 0.85 0.85 0.84 0.84 0.84 0.83 0.84
4 0.96 0.96 0.95 0.94 0.94 0.93 0.95
5 0.85 0.90 0.88 0.90 0.89 0.87 0.88
6 0.97 0.95 0.95 0.95 0.96 0.93 0.95
7 0.84 0.83 0.83 0.84 0.85 0.85 0.84
8 0.98 0.95 0.93 0.91 0.92 0.89 0.93
9 0.95 0.95 0.95 0.95 - 0.94 0.95
10 0.87 0.90 0.91 0.90 0.96 0.93 0.91

Mean 0.91 0.91 0.91 0.91 0.91 0.90 0.91
SEM 0.02 0.01 0.01 0.01 0.09 0.01 0.01

Subject 1 2 3 4 5 6 Avg

1 0.89 0.91 0.90 0.90 0.89 0.88 0.90
2 0.95 0.96 0.96 0.95 0.94 0.95 0.95
3 0.89 0.91 0.89 0.89 0.87 0.87 0.89
4 0.94 0.93 0.92 0.92 0.91 0.91 0.92
5 0.91 0.92 0.92 0.90 0.90 0.90 0.91
6 0.91 0.87 0.89 0.88 0.88 0.91 0.89
7 0.90 0.90 0.90 0.91 0.88 0.86 0.89
8 0.85 0.86 0.86 0.83 0.83 0.81 0.84
9 0.92 0.93 0.94 0.93 - 0.92 0.93
10 - - - - - - -

Mean 0.91 0.91 0.91 0.90 0.89 0.89 0.90
SEM 0.01 0.01 0.01 0.01 0.01 0.01 0.01

DTR 1

Stage

DTR 2

Stage
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HEART RATE 
PER STAGE 

(b·min-1) 
 
 

Subject 1 2 3 4 5 6 Avg

1 138 138 146 153 159 164 149.7
2 157 166 176 181 185 186 175.2
3 170 174 179 181 183 182 178.2
4 129 131 133 134 137 135 133.2
5 - 168 181 189 190 193 184.2
6 160 176 181 184 188 184 178.8
7 152 158 162 162 167 178 163.2
8 151 157 161 164 168 170 161.8
9 141 148 160 170 176 179 162.3
10 152 159 163 169 170 176 164.8

Mean 150.0 157.5 164.2 168.7 172.3 174.7 165.1
SEM 4.1 4.7 5.0 5.2 5.1 5.1 4.8

Subject 1 2 3 4 5 6 Avg

1 134 140 141 153 159 161 148.0
2 154 160 166 172 174 179 167.5
3 153 158 162 168 168 171 163.3
4 126 122 119 121 124 125 122.8
5 - 168 175 178 180 183 176.8
6 169 171 178 178 177 181 175.7
7 140 151 167 172 170 173 162.2
8 134 138 148 148 152 157 146.2
9 135 143 163 168 167 170 157.7
10 155 159 160 164 166 168 162.0

Mean 144.4 151.0 157.9 162.2 163.7 166.8 158.2
SEM 4.6 4.8 5.6 5.5 5.1 5.3 5.0

DTR 1

Stage

DTR 2

Stage
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RATINGS OF PERCEIVED EXERTION 
PER STAGE 

 
 

Subject 1 2 3 4 5 6 Avg

1 11 11 12 12 13 13 12.0
2 13 13 14 14 15 15 14.0
3 7 9 10 11 12 13 10.3
4 7 8 9 11 12 12 9.8
5 10 12 15 16 17 18 14.7
6 12 13 13 15 15 17 14.2
7 7 10 11 12 13 14 11.2
8 11 12 12 13 13 13 12.3
9 11 11 12 12 11 11 11.3
10 9 11 13 13 13 15 12.3

Mean 9.8 11.0 12.1 12.9 13.4 14.1 12.2
SEM 0.7 0.5 0.6 0.5 0.6 0.7 0.5

Subject 1 2 3 4 5 6 Avg

1 11 11 11 12 12 12 11.5
2 10 11 12 12 13 13 11.8
3 7 7 9 10 12 12 9.5
4 7 8 9 10 10 11 9.2
5 7 9 12 14 15 17 12.3
6 12 12 13 13 15 17 13.7
7 7 9 10 11 12 13 10.3
8 11 11 12 12 12 12 11.7
9 9 9 9 9 9 9 9.0
10 9 9 10 12 12 13 10.8

Mean 9.0 9.6 10.7 11.5 12.2 12.9 11.0
SEM 0.6 0.5 0.5 0.5 0.6 0.8 0.5

DTR 1

Stage

DTR 2

Stage
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TOTAL STEPS AND AVERAGE STEPS (steps·min-1)   
PER STAGE 

 
 

Subject 1 2 3 4 5 6 Avg Total

1 173 175 174 175 175 177 174.8 5245
2 158 162 161 164 164 163 162.0 4860
3 161 166 168 166 166 168 165.8 4975
4 169 166 165 164 164 165 165.5 4965
5 161 159 161 161 158 157 159.5 4785
6 183 176 171 173 172 170 174.2 5225
7 176 178 180 177 181 180 178.7 5360
8 184 184 186 184 187 185 185.0 5550
9 178 181 179 179 174 178 178.2 5345

10 168 169 172 168 171 169 169.5 5085

Mean 171.1 171.6 171.7 171.1 171.2 171.2 171.3 5139.5
SEM 2.9 2.7 2.6 2.4 2.7 2.7 2.6 77.6

Subject 1 2 3 4 5 6 Avg Total

1 171 172 174 175 175 176 173.8 5215
2 154 156 154 158 161 159 157.0 4710
3 168 172 173 173 172 171 171.5 5145
4 168 165 166 166 167 167 166.5 4995
5 160 159 159 161 162 156 159.5 4785
6 179 179 176 171 170 175 175.0 5250
7 179 176 175 178 173 173 175.7 5270
8 184 186 187 188 190 184 186.5 5595
9 176 175 177 176 175 179 176.3 5290

10 166 169 167 169 172 169 168.7 5060

Mean 170.5 170.9 170.8 171.5 171.7 170.9 171.1 5131.5
SEM 2.9 2.9 3.0 2.7 2.6 2.7 2.7 81.8

DTR 1

Stage

DTR 2

Stage
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APPENDIX M 
 

CREATINE KINASE 
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APPENDIX N 
 

FASTING AND PEAK INSULIN AND GLUCOSE 
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APPENDIX O 
 

Torque 
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APPENDIX P 
 

INDIVIDUAL INSULIN AND GLUCOSE RESPONSES 
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