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ABSTRACT 
 

Pre-sleep protein has been shown to improve overnight muscle protein synthesis, muscle size and 

strength, and muscle recovery. However, all pre-sleep protein studies to date have utilized dairy-

based protein sources. There is currently a large interest in alternative protein sources, such as 

plant-based protein. Yet, there is no evidence regarding the efficacy of plant-based proteins 

consumed pre-sleep.  

PURPOSE: Therefore, the purpose of this study was to compare animal-based vs. plant-based 

pre-sleep protein on muscle recovery as measured by blood markers of muscle damage and 

inflammation, metabolism, and muscle function.  

METHODS: Twenty-seven males performed a bout of eccentric exercise (ECC) for the knee 

extensors (ext) and flexors (flex) in the morning, then consumed 40 g of either whey hydrolysate 

(WH, n = 9), whey isolate (WI, n = 6), rice and pea combination (RP, n = 6), or placebo (PL, n = 

6) 30 min pre-sleep. The ECC protocol consisted of 5 sets of 15 repetitions of maximal eccentric 

voluntary contractions for ext and flex of each leg, respectively. Catered meals (15% PRO, 55% 

CHO, 30% Fat) were provided to participants two days pre-ECC, the day of ECC, and the 

following two days during follow-up testing to standardized nutrition. Plasma creatine kinase 

(CK), interleukin-6 (IL-6), interleukin-10 (IL-10), and C-reactive protein (CRP) was measure at 

pre, post, +4, +6, +24, +48, and +72-hrs post-ECC. Isometric and isokinetic maximal voluntary 

contraction (ISOM and ISOK, respectively) was measured at pre, post, +24, +48, and +72-hrs 

post-ECC. Subjective muscle soreness, thigh circumference, and HOMA-IR was measured at 

pre, +24, +48, and +72-hrs post-ECC.  

RESULTS: CK increased at +4-hrs post-ECC and remained elevated at all time points compared 

to baseline (n = 25, p < 0.001) and was significantly greater at +72-hrs compared to all other 

time points (p < 0.001). IL-6 increased at +6-hrs (n = 25, p = 0.002) with no other time differing 

from baseline. CRP increased immediately post-ECC (n = 25, p = 0.035) with no other time 

differing from baseline. There were no group x time interactions for any blood marker. ISOMext 

was reduced after ECC (p = 0.001) and remained reduced until returning to baseline at +72 hrs. 

ISOMflex was reduced after ECC and remained reduced at +72-hrs (p < 0.001). ISOK60ext and 

ISOK60flex were reduced after ECC and remained reduced at +72-hrs (p < 0.001). ISOK180ext 

and ISOK180flex were reduced after ECC and remained reduced at +72-hrs (p < 0.05). 
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ISOK300ext was reduced after ECC (p < 0.05) and remained reduced until returning to baseline 

at +72 hrs. ISOK300flex was reduced at +24-hrs and remained reduced at +72-hrs (p < 0.05). 

There were no group x time interactions for any muscle function marker. Muscle soreness 

increased post-ECC (p < 0.001) and did not return to baseline. There were no group x time 

interactions for muscle soreness. Thigh circumference (p = 0.456) and HOMA-IR (p = 0.396) did 

not change post-ECC. IL-10 concentrations were below the valid detectable limits of the assay 

used, thus were not included in the analyses.  

CONCLUSIONS: These data suggest that middle-aged men consuming 1.08 ± 0.02 g/kg/day 

PRO did not recover well from damaging exercise at +72-hrs and that pre-sleep protein, 

regardless of source, did not aid in muscle recovery when damaging exercise was performed in 

the morning.  

PRACTICAL APPLICATION: Individuals should consume a sufficient bolus of high-quality 

protein in close proximity to their exercise session, whenever that session may be. Further, pre-

sleep protein consumption can be utilized to consume enough protein throughout the day. 
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CHAPTER 1 

INTRODUCTION 

Starting as early as the fourth or fifth decade of life, muscle mass begins to decline (131). This 

age-related loss of muscle mass is termed sarcopenia. Sarcopenia is accompanied by decreased 

strength, which can lead to impairments in physical function, performance of daily activities, and 

other health concerns (15). According to the World Health Organization (WHO), the world’s 

population 65 years of age or older was ~524 million in 2010 (8% of population) and is expected 

to increase to ~1.5 billion by 2050 (16% of population). With the aging population growing, 

elucidating methods to prevent sarcopenia and dynapenia (age-related strength loss) have 

massive societal and economic relevance. While resistance exercise (RE) is recommended for 

individuals of all ages (130) to increase muscular strength and power, improve body 

composition, and improve performance of activities of daily living, it may have particular 

importance for those of the aging population. 

 

RE is a modality of training that is rarely disputed as the primary method for improving muscular 

strength and power and improving lean mass in persons of all ages. However, RE that is novel or 

of unaccustomed intensity can elicit muscle damage and delayed onset muscle soreness (90, 

162). This damage is believed to be caused by disruptions to the contractile unit of the muscle, 

however, chemical processes from the resultant acute phase response may contribute as well (46, 

115). Previous research has characterized the structural damage as z disc streaming, broadening, 

or total disruption when muscle biopsy samples were taken after damaging exercise (47). The 

same study found muscle soreness to persist for 18-72 hours following exercise and force loss 

during maximal voluntary contractions of the knee extensors both isometrically and at 90°/s, 

180°/s, and 300°/s with decrements being greatest immediately after exercise, but still 

significantly lower than control at 90°/s and 180°/s at 3 days post-exercise and 300° /s at 6 days 

post-exercise. Many methods of reducing the negative effects of muscle damage, such as ice-

water immersion, cryotherapy, and nutritional interventions (1, 44, 63, 70, 142, 152), have been 

previously investigated. Regarding nutritional interventions to mediate exercise induced muscle 

damage and potentiate recovery from damaging exercise, protein supplementation has gained 

considerable popularity anecdotally and in the literature.  
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Most work examining the effects of protein on muscle recovery has provided protein during the 

pre- or post-exercise timing window. Reidy et al. provided ~18 g of whey protein or ~19 g of 

casein, whey, and soy protein blend 1-hour post-exercise to healthy young participants. Anabolic 

signaling increased (p < 0.05) during the 2-hr recovery period and fractional synthetic rate (FSR) 

increased (p < 0.05) during the first 2-hrs and entire 4-hr recovery period for both protein groups 

(141). While muscle protein synthesis (MPS) can serve as a proxy for muscle reconditioning and 

recovery, it may not be an appropriate estimate of chronic muscular adaptation (172). Most 

research providing pre- and post-exercise protein supplementation has reported beneficial effects 

on chronic adaptations. Hulmi and colleagues reported that 30 g of post-exercise whey protein 

intake decreased fat mass (p < 0.05) and increased relative fat free mass to a greater extent (p < 

0.05) than did isocaloric carbohydrate supplementation following 12 weeks of resistance training 

in untrained males (65).  This is similar to earlier findings by Candow and colleagues where 

young men and women were provided with either whey protein + carbohydrate, soy protein + 

carbohydrate, or energy matched carbohydrate only, which served as the placebo (25). These 

authors reported both protein groups to have increased lean mass and 1 repetition maximum 

(1RM) strength for bench press and squat (p < 0.05) compared to placebo when consumed pre-

and post-exercise and before sleep during a 6-week resistance training intervention. However, 

not all research has found protein supplementation beneficial for chronic muscular adaptation. 

Verdijk et al. reported no difference (p > 0.05) in 1RM strength, lean mass, or muscle fiber 

hypertrophy when 10 g of casein protein was provided pre- and post-exercise to elderly men 

during a 12-week resistance training intervention (171). It should be noted, however, that the 10 

g per serving was likely insufficient to elicit a beneficial effect, especially in the aging 

population. Taken together, protein supplementation appears to have beneficial effects on MPS 

and therefore acute muscle reconditioning and recovery, as well as chronic adaptations to 

resistance exercise when consumed pre- and/or post-exercise.  

 

A novel and emerging area of research regarding protein ingestion has been the pre-sleep feeding 

window. This timing of protein ingestion presents as an additional opportunity to consume 

nutrients, which may have beneficial effects on muscle protein synthesis, metabolism, and 

muscle recovery. In a proof of principle study, Groen and colleagues used an intragastric feeding 
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technique of intrinsically labeled casein protein or a placebo to determine protein digestion and 

absorption kinetics, as well as the resultant MPS response (53). These authors reported protein 

feeding increased MPS and net protein balance (11.8 ± 1.0 and 0.3 ± 0.1 µmol 

phenylalanine/kg/h for protein and placebo, respectively; p < 0.05). Further, they reported 

mixed-muscle FSR to be greater in protein compared to placebo (0.045 ± 0.002 and 0.029 ± 

0.002 %/h, respectively; p < 0.05), indicating protein can be digested normally during the 

overnight period in healthy, older men. Similar results were found in healthy young males (142). 

Res et al. reported that 40 g of casein protein consumed pre-sleep following an acute bout of 

resistance exercise performed in the evening increased whole body MPS and net protein balance 

to a greater extent than did placebo (61 ± 5 vs. -11 ± 6 µmol/kg/7.5h for protein and placebo, 

respectively; p < 0.01) (142). Muscle FSR during the 7.5-hour overnight period was ~22% 

greater (p = 0.05) in protein compared to placebo. In addition to the acute MPS benefits, pre-

sleep protein has been reported to have chronic benefits on muscular adaptation to resistance 

exercise. Snijders et al. reported pre-sleep ingestion of 27.5 g protein with 15 g carbohydrate 

increased muscular strength (p < 0.001), quadriceps muscle cross sectional area (p < 0.05), and 

type II muscle fiber size (p < 0.05) following 12 weeks of a progressive resistance training 

protocol compared to a noncaloric placebo (155). 

 

Regarding metabolism, lipolysis, and next morning satiety, work from our lab demonstrates that 

pre-sleep protein ingestion has either beneficial or non-detrimental effects. Madzima et al. 

reported 30 g of pre-sleep casein to increase  resting energy expenditure (REE) (p < 0.05) in 

active men (93). Ormsbee et al. reported improved next morning satiety (p = 0.02)  in obese 

women when 30 g casein protein was consumed pre-sleep in comparison to whey protein or 

carbohydrate supplements (120). Kinsey and colleagues reported that consumption of 30 g pre-

sleep casein protein did not impede overnight or morning fat metabolism in young obese men as 

determined by microdialysis techniques compared to a non-nutritive placebo (78). In summary, 

pre-sleep protein has been reported to improve the muscular reconditioning response to 

resistance exercise both acutely and chronically while improving (REE) and not inhibiting 

lipolysis or fat metabolism. While the benefits of protein consumption pre-and post-exercise 

have been widely examined, less is known about the effects of night-time consumption of protein 

on muscle recovery especially as it pertains to the source of protein consumed.  
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Therefore, while resistance exercise is recommended for all individuals to increase muscular 

strength and power, improve body composition, and improve performance of activities of daily 

living, this type of exercise can lead to delayed onset muscle soreness (DOMS), inflammation, 

decreased performance, and metabolic alterations if the exercise is novel or of unaccustomed 

intensity. Protein supplementation has been suggested to mediate these negative effects and 

enhance muscle recovery following damaging exercise. However, the work that has been done 

on the effects of pre-sleep protein ingestion has studied younger individuals and elderly persons 

which may not be translatable to middle-aged individuals. Little is known about the effects of 

protein supplementation on middle-aged individuals. Further, little is known about the 

effectiveness of dairy-based protein compared to plant-based protein sources, either in isolation 

or in combination, on younger or older populations. No studies have directly compared the 

effects of a dairy-based protein and plant-based protein in combination, such as a rice and pea 

protein combination on muscle recovery in younger or older populations. A novel area of 

research has been pre-sleep protein ingestion. This timing of protein ingestion represents an 

additional feeding window, which has shown benefit on MPS with possible benefit, but no 

harmful effects, on lipolysis. Despite evidence supporting benefits of pre-sleep protein, the type 

of protein consumed pre-sleep has not been investigated for its influence on muscle recovery.  

 

 

1.1 Objective 

 

The novel approach to this study is that despite evidence supporting benefits of pre-sleep 

protein, no studies identify if the type of protein consumed pre-sleep influences muscle recovery. 

Additionally, no studies have examined the effects of dairy-based or a combination of plant-

based protein sources on muscle recovery. The purpose of this study was to compare the 

effectiveness of dairy-based or a combination of plant-based pre-sleep protein on muscle 

damage, metabolism, and performance following damaging resistance exercise (RE) in middle-

aged men (40-64 years). 

1.2 Specific Aims and Hypotheses 
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■ Aim 1 (Inflammation and Blood Markers): To determine if 40 g of pre-sleep whey 

isolate (WI), whey hydrolysate (WH), or rice and pea combination protein (RP) reduces 

blood markers of muscle damage (CK) and inflammation (IL-6, IL-10, and CRP), as well 

as perceived soreness (visual analogue scale) and thigh circumference (Gulick tape) 

following eccentric exercise (ECC) induced muscle damage compared to placebo (PL) in 

middle-aged men  

– Hypothesis 1: Pre-sleep WI and WH will reduce blood markers of muscle damage 

and inflammation to a greater extent than RP and all treatments will be more 

effective than PL at 4, 6, 24, 48, and 72 hours post-ECC 

– Hypothesis 2: Pre-sleep WI and WH will reduce thigh circumference and 

perceived soreness to a greater extent than RP and all treatments will be more 

effective than PL at 24, 48, and 72 hours post-ECC 

■ Approach to test hypotheses: Blood samples will be collected from an 

antecubital vein and analyzed via immunoassay for IL-6, IL-10, CK, CRP, 

and insulin. A visual analogue scale will be used to measure the perceived 

soreness in the lower limbs. Thigh circumference will be measured using a 

Gulick tape measure.  

 

■ Aim 2 (Metabolic): To determine if 40 g of pre-sleep whey isolate (WI), whey 

hydrolysate (WH), or rice and pea combination protein (RP) attenuates insulin resistance 

via HOMA-IR resulting from muscle damaging eccentric exercise (ECC) compared to 

placebo (PL) in middle-aged men. 

– Hypothesis 1: Pre-sleep WI and WH will attenuate insulin resistance resulting 

from muscle damaging exercise at 24, 48, and 72 hrs post-ECC to a greater extent 

than will RP and all treatments will be more effective than PL  

■ Approach to test hypothesis: HOMA-IR will be used as a measure of 

insulin resistance.  

■ Aim 3 (Performance): To determine if 40 g of pre-sleep whey isolate (WI), whey 

hydrolysate (WH), or rice and pea combination protein (RP) potentiates the return of 

isometric and/or isokinetic maximal voluntary contraction (MVC) back to baseline 
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following damaging eccentric exercise (ECC) compared to placebo (PL) in middle-aged 

men. 

– Hypothesis 1: Pre-sleep WI and WH will improve the return to baseline in 

muscular performance to a greater extent than will RP and all treatments will be 

more effective than PL at 24, 48, and 72 hrs post-ECC 

■ Approach to test hypothesis: MVC will be performed on a Biodex 

dynamometer to determine peak torque for isokinetic and isometric knee 

extension and flexion.  

 

1.3 Limitations 

1) No direct measures of muscle damage such as muscle biopsies were collected during 

this study 

2) Participants were men aged 40-64 years, thus, results may not be generalizable to 

other populations 

3) Only one combination of plant-based protein supplements was used in this study 

4) Only men were included in this study, thus results may not be applicable to women in 

a similar age range 

1.4 Assumptions 

1) The indirect measures of muscle damage were representative of actual muscle 

damage incurred from ECC 

2) All participants performed all exercise testing at maximal effort 

3) All participants ingested the supplement each day at the appropriate time 

4) All participants recorded their habitual nutritional intake accurately 

 

1.5 Delimitations 

1) The anabolic endocrine responses to ageing and exercise, both in conjunction and 

separately, have been extensively studied. The implications of these hormones (i.e. 

testosterone and growth hormone) were unclear and, thus, were not being measured in 

this study. 
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2) All participants were eligible for the study based on pre-screening procedures, either 

by phone or by personal meeting.  

3) This study included men between the ages of 40 and 64 years that were recreationally 

active, which was defined as engaging in physical activity on ≥ 2 days of the week for 

the past 6 months. 

1.6 Terms and Abbreviations 

 

Delayed Onset Muscle Soreness (DOMS) – Soreness in muscles following exercise that 

is novel or of unaccustomed intensity, usually becoming apparent within 24 hours 

following exercise 

 

Eccentric Exercise (ECC) – Modality of RE by which the eccentric, or lengthening, 

component is emphasized or singularly performed 

 

Excitation-Contraction (E-C) Coupling – The initiation of muscular contraction where 

a stimulus causes excitation at the neuromuscular junction, Ca2+ is released, and the 

formation of actomyosin is allowed to occur 

 

Maximal Voluntary Contraction (MVC) – Greatest amount of torque produced by the 

participant 

 

Placebo (PL) – Intervention group which consumed a noncaloric beverage 30 minutes 

pre-sleep 

 

Resistance Exercise (RE) - Generally accepted modality of exercise for improving 

strength, power, body composition, and performance of activities of daily living where 

the musculature exerts a force against an opposing load 

 

Rice and Pea Combination Supplement (RP) – Intervention group which consumed 

40g of a combination of rice and pea protein 30 minutes pre-sleep 
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Visual Analogue Scale (VAS) – 100mm anchored scale that is labeled on either end with 

“no soreness” at 0mm and “extreme soreness” at 100mm used to assess perceived muscle 

soreness by having participant draw a vertical line on the scale to indicate their perceived 

muscle soreness level 

 

Whey Protein Isolate Supplement (WI) – Intervention group which consumed 40g of 

whey protein 30 minutes pre-sleep 

 

Whey Hydrolysate Protein Supplement (WH) – Intervention group which consumed 

40g of whey hydrolysate protein 30 minutes pre-sleep 
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CHAPTER 2 

REVIEW OF LITERATURE 

 
2.1 Resistance Exercise 

 
Resistance exercise (RE) is rarely disputed as the primary mode of exercise to increase strength, 

power, and lean mass. RE is now being recommended for individuals of all ages (130). The 

traditional mode of RE has concentric and eccentric components, however, other modalities do 

exist, such as eccentric specific exercise.  

 

2.1.1 Eccentric Exercise  

Eccentric exercise (ECC) is a mode of training where the muscle is lengthened while opposing a 

force. This is in contrast to concentric motions where the muscle shortens against a force or 

isometric contractions where the length of the muscle is unchanged (162). While traditional 

exercise has a component of ECC, individuals may engage in ECC specific exercise. ECC 

training is termed, “negatives” and is used by many weightlifters and strength athletes to increase 

muscle hypertrophy and performance due to the muscle regenerative response to eccentric 

exercise induced damage (76). Interestingly, ECC results in a lower metabolic cost and electrical 

stimulation of the muscle as read by electromyography (109). Further, early work by AV Hill 

showed energy liberation from the muscle is reduced during an eccentric contraction compared 

to that of isometric or shortening contractions, likely caused by a reduction in the rate of 

chemical processes within the muscle (58). This would help, at least in part, to explain the 

reduced metabolic cost of ECC. Despite this fact, ECC has been shown to elicit large amounts of 

muscle damage following a novel bout of exercise or following a bout of unaccustomed intensity 

(90, 162), and thus is often used to induce damage in research studies. ECC leads to delayed 

onset of muscle soreness (DOMS), which is characterized by pain and/or tenderness following 

unaccustomed exercise and that has a delayed onset. This muscle soreness is believed to be 

caused by disruptions to the contractile proteins of the muscle tissue, however; a combination of 

myofibrillar disruption and chemical processes may be involved (46, 115). It has been suggested 

that ECC can cause metabolic alterations (3, 80, 119, 162), performance decrements (34, 102, 

140, 144), and Ca2+ flux alterations (139) such that Ca2+ fluxes into the sarcoplasm (150). This 
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increased intracellular calcium concentration is presumably a result of increased sarcolemma 

permeability which disturbs calcium homeostasis within the muscle and can activate calpains, 

furthering damage (12, 36).  Glucose disposal rates during euglycemic-hyperinsulemic clamps 

were reduced for ECC (3.47 ± 0.51 mg/kg/min) compared to concentric exercise (5.55 ± 0.98 

mg/kg/min) or control (5.48 ± 1.0 mg/kg/min) at 48 hours (80). Similarly, using a crossover 

study design with ECC downhill treadmill running or non-exercise control and 

hyperinsulinemic-euglycemic clamp, Del Aguila et al. reported reduced insulin stimulated IRS1 

tyrosine phosphorylation, PI3K activity, and Akt serine phosphorylation in ECC compared to 

control. These molecular alterations were reported in combination with glucose disposal rates 

that were 19% lower following the ECC versus the non-exercise control trial (3). Crameri et al. 

used 100 and 110 maximal eccentric quadriceps contractions at 30°/s and 180°/s, respectively, at 

a knee angle of 70° to induce damage in sedentary men. This protocol reduced maximal 

voluntary contraction (MVC) of the quadriceps muscle by 16%, 25%, and 8% at 4, 24, and 96 

hours post ECC, respectively. They also noted increased muscle soreness both at rest using a 

blunt probe applied at a standardized pressure and during maximal voluntary contractions at 24 

and 96 hours as indicated by visual analogue scale (34). This decrement in force production and 

strength has been found in other studies for women (140, 144) and trained men (102). Previous 

research has used various ECC protocols to induce muscle damage such as downhill running, 

eccentric cycling, drop jumps, and opposing a weight or level using isokinetic dynamometers or 

free weights (63, 79, 101, 102, 109).  

 

While ECC is well established to induce muscle damage, the exact mechanisms by which ECC 

causes muscle damage and soreness have yet to be elucidated. The initial event of muscle 

damage is most typically described as being mechanical in nature (109), causing disruption to the 

structural components of the muscle cell due to the force exerted by the tissue. While the 

mechanical model of injury is most widely accepted, it has been proposed that injury is 

metabolic in nature where exhaustion from exercise induces metabolic deficiency within the 

muscle and the disrupted metabolic state increases the vulnerability of the cell to damage (139).  

Pursuant to mechanical disruption is a secondary response including an inflammatory response, 

flux of intracellular proteins to the extracellular space and blood, performance decrement, and 
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metabolic alterations such as reduced insulin sensitivity, glycogen repletion, and alterations in 

Ca2+ kinetics.  

 

2.1.1.1 Muscle Structure and Function  

The contractile unit within the muscle fiber is termed the sarcomere. Sarcomeres within the 

muscle fiber are arranged both in series and in parallel. Sarcomeres of muscle fibers are 

characterized by two parallel Z-disks with the M-line anchored to intermediate filaments midway 

between the Z-disks. Actin filaments are anchored to the Z-disk by nebulin with myosin 

filaments arranged in an interdigitated fashion. Titin (Connectin) filaments link myosin to the 

actin and/or Z-disk and possibly to other elastic components near the Z-disk. It is postulated that 

the elastic proteins titin and nebulin play a role in maintaining Z-disk integrity and resting 

tension as well as stretch resistance (45, 98, 167). When the muscle is stretched such that the 

actin and myosin no longer overlap, sarcomeres are “popped.” This is non-uniform during ECC 

and sarcomeres “pop” in order of those with weakest tensile strength first (106). Not all 

sarcomere “popping” causes damage. The elastic components help maintain structure to return 

the sarcomere to normal resting tension and alignment. However, not all sarcomeres return to 

normal and, thus, sustain damage. When participants performed damaging eccentric exercise on 

a dynamometer, titin and nebulin concentrations were reduced by 30% and 15%, respectively 24 

hours post exercise (167). This indicates that the myofibrillar proteins were damaged and thus, 

degraded and removed via proteolytic action. Considering titin and nebulin anchor myosin and 

actin to the Z-disk, respectively, damage to these proteins, at least in part, contributes to the 

sarcolemmal disruptions following ECC. Of interest, previous research has indicated that older 

individuals, both male and female, are susceptible to greater levels of ultrastructural damage to 

the same ECC compared to younger individuals (96, 146). 

 

Functionally, muscles contract via excitation-contraction (E-C) coupling and the sliding filament 

theory. For a more in depth description, the reader is referred to a review of the topic (66, 69). 

Briefly, E-C coupling is the process by which a stimulus causes the contractile units of the 

muscle fibers to produce muscular contraction. When an action potential, traveling down the 

axon of a motor neuron, reaches the neuromuscular junction, Ca2+ enters the depolarized pre-

synaptic terminal which triggers acetylcholine release into the synaptic cleft via vesicular 
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exocytosis. Acetylcholine binds and opens acetylcholine receptor proteins in the post-synaptic 

membrane, depolarizing the myofiber and initiating an action potential. This causes Ca2+ release 

from the sarcoplasmic reticulum into the cytoplasm of the muscle fiber. Ca2+ binds troponin 

molecules on thin filaments, causing conformational changes that exposes myosin binding sites 

on actin due to movement of tropomyosin. Thus, myosin heads on thick filaments are able to 

bind actin to form actomyosin cross-bridges, which results in a marked rate of ATP hydrolysis 

(66). Each cross-bridge can undergo a “power stroke,” the sum of which results in force 

production and muscle shortening if the force produced overcomes the load that the muscle is 

subjected to. According to the sliding filament theory, sarcomere shortening occurs due to the 

combined action of cycling cross-bridges which use the energy from ATP hydrolysis for myosin 

to “pull” on actin, thus shortening the sarcomere (67, 68). Neither thick nor thin myofilaments 

changes length, but rather can “slide” against each other, resulting in muscle shortening. Binding 

of ATP to the myosin causes dissociation of the actomyosin. This ATP is hydrolyzed into ADP + 

Pi, creating a “charged” myosin. If Ca2+ is still present, the myosin head will, again, bind the 

actin, continuing contraction. This will continue until the stimulus input is no longer present or 

sufficient to elevate cytoplasmic Ca2+ in the muscle fiber (69). 

 

When a muscle contracts, heat is produced and liberated from the fiber both from the contraction 

and from the mechanical work done. Extensive work by A.V. Hill on the thermodynamic 

properties of muscle has been done. Hill found the amount of energy liberated is determined by 

factors such as type of contraction, load, velocity, muscle length, cross sectional area, contraction 

length, and temperature. Hill also found that the thermodynamics of muscle contraction 

mimicked that of the mechanics of muscle contraction, thus heat could be used to predict the 

force-velocity relationship. To this effect, Hill described this force-velocity curve with equation: 

(P+a) (V+b) = c 

In this equation P is load, V is velocity and a, b, and c are constants. It was later determined that 

a is not, in fact, a constant, but determined by shortening velocity and load (59). 

 Regarding type of contraction, muscle shortening produces the greatest amount of heat, 

followed by isometric contractions, and lengthening contractions producing the least heat as 

work is being done onto the muscle fiber. Hill proposed that during an isometric contraction, the 

rate of heat production equals tension. Should the load be lowered such that the muscle shortens, 
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more work is done, hence greater heat production. Conversely, if the load is increased such that 

the muscle is lengthened, the muscle does negative work. That is to say, the load exerts work 

upon the muscle, thus heat production is lower (58). Hill goes on to describe the relationship of 

load and velocity during shortening contractions. Briefly, load is inversely related to velocity. As 

load increases, velocity decreases. When load is decreased, velocity increases. While the work 

done over a given distance is greater with a larger load, total heat for shortening is unchanged 

(58). This force-velocity relationship is based upon the cross bridging of the actomyosin 

contractile proteins that occurs during excitation-contraction coupling (151), which has been 

briefly described above. Furthermore, this relationship can be used to describe maximal power 

output for a given velocity and load. 

 

2.1.1.2 Mechanical Disruption  

The mechanical model suggests that unaccustomed exercise, especially ECC, results in 

disruption to the sarcomere (47, 109). Interestingly, most of this damage is localized to type II 

fiber types (47). It has also been shown that males and females have different responses to 

EIMD. Following a downhill running protocol, female rats showed a slower and less robust 

change in myofiber swelling, necrosis, and disruption to sarcomeric proteins than did male rats 

(83)  Fridén and colleagues reported that eccentric cycling in college aged males produced 

myofibrillar z-disc streaming, broadening, and total disruption, detected by direct measures of 

muscle biopsy. Further, damaged areas displayed absence of mitochondria and transverse 

sections of the A-bands showed some disturbance or absence of thick myofilament. Indirect 

measures in the same study indicated increased muscle soreness 18 – 72 hours after the exercise 

bout. Decreased maximal knee extensors force was found isometrically and at 90°/s, 180°/s, and 

300°/s with decrements being greatest immediately after exercise, but still significantly lower 

than control at 90°/s and 180°/s at 3 days post-exercise and 300° /s at 6 days post-exercise (47). 

Newham et al. used 20 minutes of either concentric or eccentric stepping. Muscle biopsies taken 

pre-exercise, immediately post-exercise, and between 24- and 48-hrs post-exercise indicated that 

only the eccentric protocol elicited damage and that damage was greatest between 24- and 48-hrs 

post exercise. In samples taken between 24- and 48-hrs, 6% of fibers showed focal damage, 23% 

showed extensive damage, and 28% showed very extensive damage compared to immediately 
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post-exercise, which showed 16% having focal damage, 16% having extensive damage, and 8% 

having very extensive damage (109).  

 

2.1.1.3 Force Loss  

Immediately following an ECC exercise bout, a reduction in force production is noticed (18, 29, 

150, 160), representing damage to the excitation-contraction (E-C) coupling mechanism (138). 

Force production decrements are usually less pronounced and return more quickly to baseline 

following concentric or isometric exercise compared to eccentric exercise (27, 56, 150). It 

appears that this loss of force is only partly attributed to structural damage but other factors are 

likely contributing (56), perhaps metabolic or neural in nature. However, after a damaging bout 

of eccentric exercise, force production is reduced for a longer duration, on the order of days (18, 

160). Some researchers have noted that force decrements still exist 11 days following damaging 

exercise (29). When a total of 70 maximal voluntary contractions of the elbow flexors each 

lasting 3 seconds in duration was performed in female physiotherapy students (21.4 ± 3.3 years 

old), isometric force was reported to be reduced (p < 0.01) by 20% 11 days post-damaging 

exercise (29). It has been shown that glycogen repletion within the muscle tissue is inhibited 

after muscle damage, which may impair the ability of the fiber to undergo repair (119). ECC 

induced force loss appears to have a modality or intensity component. It has also been shown 

that force loss is a function of the length of the tissue at the onset of the ECC. Greater starting 

muscle lengths induced more appreciable reductions in force than did shorter starting muscle 

lengths. A review of the topic has suggested that an association between the extent of force 

generation loss and myofibrillar damage, fiber necrosis, and inflammation response exists such 

that greater losses of force represents greater damage (123). While no exact definition or 

criterion for muscle damage currently exists, these authors go on to suggest the term “mild 

exercise induced damage” for force loss of under 20% and/or return to baseline is within 48-hrs 

while “moderate” or “severe” exercise-induced damage produces greater than 20% force 

decrements persisting for greater than two days. Interestingly, nutritional interventions have been 

reported to have mediated the detrimental effects of exercise induced muscle damage. Cooke and 

colleagues showed that protein supplementation in healthy, untrained males was able to attenuate 

the strength reduction following 4 sets of 10 eccentric leg press, leg extension, and leg flexion 

exercises. Isometric knee extension strength was greater in the whey protein plus carbohydrate 
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group than carbohydrate group at 3 days (p < 0.05) and 7 days (p < 0.01) post-exercise (32). 

Similar results have been found with leucine supplementation. Squat isometric peak force was 

reduced in both leucine and placebo groups, however, reductions in force were attenuated (p = 

0.04) at all time points compared to placebo (79). 

 

2.1.1.4 Muscle Soreness  

Muscle soreness is often most noticeable in the day or days following damaging exercise, thus 

given the term delayed onset of muscle soreness. The soreness usually peaks at 48 to 72-hrs but 

may remain for multiple days (63, 116). This soreness can happen when exercise is novel, such 

as with sedentary individuals, or of an unaccustomed intensity, such as when increasing training 

volume in trained individuals. Muscle soreness is often examined when investigating muscle 

damage or effectiveness of various treatments on muscle damage (173). When 26 females were 

subjected to 70 maximal voluntary contractions of the elbow flexors, muscle soreness was 

elevated (p < 0.01) at 24-hrs, peaked at 72-hrs (29). This work agrees with the findings from 

other research using various damaging exercise protocols (18, 52, 72, 79, 100). As seen with 

force loss, protein supplementation has been reported to mediate muscle soreness (52, 63, 70, 

153).  

 

It has been proposed that muscle soreness weakly correlates with structural damage (115). Others 

have suggested soreness may be caused, at least in part, by lysosomal enzyme activity (46) or 

reactive oxygen species (165). Unfortunately, high variability in ECC protocols from previous 

research makes comparisons of soreness difficult between studies. It has also been reported that 

the method of assessing muscle soreness alters the soreness outcome. For example, when muscle 

soreness was assessed during flexion, soreness was lower (p < 0.01) than when assessed during 

palpation or extension of the same muscle group following 12, 24, or 60 maximal eccentric 

actions of the elbow flexors, with extension and palpation being similar in extent of soreness 

(115). These authors went on to suggest muscle damage and loss of function may be present in 

the absence of soreness, thus soreness should not be used in isolation to assess the magnitude of 

exercise-induced muscle damage, but in conjunction with other indicators. The physiological 

mechanisms or significance of DOMS have yet to be elucidated. 
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2.1.1.5 Blood Markers of Muscle Damage  
Exercise which elicits muscle damage has been associated with myofiber protein leakage and a 

local and systemic inflammatory response (91). Creatine Kinase (CK), Lactate Dehydrogenase 

(LDH), C-Reactive Protein (CRP), and Myoglobin are often measured as indicators of muscle 

damage (91). Myosin heavy chain (MHC) analysis has also gained popularity as an indicator of 

damage. Due to the inflammatory response, cytokines, in particularly interleukin-6 (IL-6), have 

been used frequently to assess muscle damage. Cytokines play an integral role in the 

inflammatory response and are believed to initiate the acute phase response (139). These 

cytokines are released at the site of injury during the local response and trigger the systemic 

acute phase response (described in more detail in section 2.1.2). They can be characterized as 

pro- or anti- inflammatory and regulate the immune response to trauma and tissue damage (121). 

While IL-6 is considered a pro-inflammatory cytokine and important in the muscle adaptive 

response (158), IL-10 inhibits the release of TNF-α and IL-1β, thus inhibiting inflammation. 

Both IL-6 and IL-10 concentrations have been reported to be increased following damaging 

exercise (91, 121). Following 300 eccentric repetitions on an isokinetic dynamometer, IL-6 was 

elevated (p < 0.001) immediately following exercise and peaked 6-hrs post exercise. At 24-hrs 

post-exercise, IL-6 was still significantly elevated (p < 0.05) from pre-exercise concentration 

(91). This is similar to the findings of Ostrowski and colleagues, who showed IL-6 and IL-10 

(An anti-inflammatory cytokine) concentrations to increase 128-fold and 27-fold, respectively, 

immediately following participation in a marathon (121).  

 

Creatine kinase is an enzyme which catalyzes the reversible transfer of phosphate from 

adenosine to creatine, which allows ATP production from creatine-phosphate and ADP. 

Cytosolic CK is dimeric and is composed of either B subunits (brain form) or M subunits 

(muscle form). The M subunits, or muscle form subunits, have multiple isoenzymes (CKBB, 

CKMB, and CKMM), with CKMM being most predominant in skeletal muscle tissue (158). In 

ECC naïve males, Nosaka and colleagues used 24 maximal eccentric actions of the elbow flexors 

to elicit damage. CK concentrations increased (p < 0.05) from days 1 to 5 post-exercise, with the 

peak being at day 4 (797 ± 288, 6283 ±2387, 11,599 ± 2923, 11,932 ± 1731, and 9262 ± 

1302 IU·l
-1 for days 1 through 5, respectively). Interestingly, this same study found no increases 

in IL-6, myoglobin, or CRP, but did find increases (p <0.05) in LDH at day 2 through 5 post-
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exercise (113). CK and Myoglobin concentrations were increased (p < 0.05) at 24-hrs post-

exercise when 100 depth jumps from 60cm were performed, but were not significantly elevated 

at any other time point (79). It has been previously suggested that the variability found in CK 

concentrations following ECC is related to the variability in muscle damage (114) thus, it could 

be that the depth jump protocol elicited less damage than did the maximal elbow flexor protocol. 

This could be due to the intensity at which the exercises were performed (i.e. maximal vs. 

submaximal). Using an eccentric cycling protocol, Manfredi et al. elicited muscle damage in 

young and older men to determine the effects of aging on muscle damage from ECC. CK 

concentrations were elevated at days 5 (p < 0.03) and 8 (p < 0.02), and were still elevated at 10 

days post-ECC (p < 0.03) with no differences in age groups (96).  It appears that younger and 

older males have similar biochemical responses to damaging ECC. However, male and females 

seem to have different responses. Hicks et al. showed greater serum CK concentrations (p<0.05) 

following 6 sets of 12 repetitions of eccentric MVC of the quadriceps in males compared to 

females at 1, 48, 96, and 168-hrs post-exercise (57).  

 

2.1.2 Immune Response  

Subsequent to the initial mechanical damage from ECC, an immune response is triggered to 

repair the damaged tissue. The local response to damaged tissue is the production of cytokines, 

increased blood flow, and vascular permeability (91, 121). These cytokines cause an influx of 

systemic immune cells to the localized site of injury. The systemic response, otherwise referred 

to as the acute phase response, involves immune cells such as lymphocytes, neutrophils, and 

monocytes being mobilized to the damaged tissue to begin the repair process. These cells play a 

role in the phagocytosis of cellular debris and necrotic tissue. While they have a role in debris 

clearance, they may contribute to muscle damage, perhaps through cytotoxic and oxygen radical 

mediated processes (165). It has been proposed that cytokines may be contraction mediated and, 

thus, not specific to eccentric exercise or muscle damage (145). Rather, it appears that cytokines 

are produced by the muscle fiber, termed “myokines,” and act as growth factors to aid in 

regulation of muscle growth and metabolism (16, 111). Expression of IL-15 mRNA (111) and 

leukemia inhibitory factor mRNA (16) were upregulated following concentric exercise. This 

supports the notion that cytokines, or myokines, are contraction mediated. Thus, while they 
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contribute to muscle reconditioning following damaging ECC, they are not unique to this 

modality of training.   

 

Neutrophil infiltration begins within one hour, peaks at 6-hrs (91, 94), and may remain elevated 

for hours to days after exercise (164). Like neutrophils, macrophages are phagocytic, aid in 

debris clearance of damaged tissue, and can secrete cytotoxins. Macrophages are differentiated 

from monocytes and play a role in cytokine production to mediate inflammatory responses, and 

promote repair (39). Macrophages have two different phenotypes: M1 and M2. M1 macrophages 

are coined as being pro-inflammatory, secreting IL-6, TNFα, and IL1β following damage while 

M2 macrophages are considered anti-inflammatory, secreting IL10 later in the repair process 

(180). Therefore, it seems that cytokine and immune cells work in conjunction during the acute 

phase response to repair the damaged muscle tissue resulting from exercise. 

 

2.1.3 Repeated Bout Effect 

It has been well documented that ECC elicits muscle damage. An interesting phenomenon, 

known as the repeated bout effect, has been noticed with subsequent ECC sessions. While the 

initial bout elicits a large amount of damage, repeated bouts elicit much less damage (116, 117). 

Interestingly, it seems that initial bouts of concentric exercise also elicit a repeated bout effect for 

ECC exercise (76) and that the repeated bout effect is not exercise specific, such that varied 

exercise bouts can lead to protection in a second bout of exercise (183). The mechanisms by 

which this protective mechanism happens has not been fully elucidated, however, some suggest 

it is due to removal of fibers of weaker tensile strength, an increased ability to repair damaged 

tissue, or increased connective tissue content (18). Further, a review of the topic has suggested 

neural adaptations by which motor unit activation patterns are altered, mechanical adaptations by 

which muscle stiffness alterations play a role, and cellular adaptations whereby altered 

inflammatory responses, longitudinal addition of sarcomeres, and altered excitation-contraction 

coupling influences the subsequent bout of ECC (For full review see (100). Nosaka and 

colleagues had men perform 24 maximal eccentric contractions of the elbow flexors separated by 

either 6, 9, or 12 months to determine the duration of the repeated bout effect. Maximal isometric 

force dropped to 47 ± 1.5 % after the first bout, with no difference in the initial force reduction 

following the second bout in either group. However, recovery of force was improved (p < 0.05) 
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in the 6-month and 9-month groups, but not the 12-month group. Muscle soreness was reduced 

(p < 0.01) for the 6-month group after the second bout, but not in the 9-month or 12-month 

groups. Similar to muscle soreness, CK concentrations were significantly increased after the first 

bout (19,403 ± 1,677, 20,590 ± 2,184, and 16,131 ± 2,252 IU·L-1 for 6, 9, and 12 months, 

respectively; p < 0.01) but were attenuated (p < 0.01) in the 6-month group only (116). It should 

be noted that the authors reported large variability of plasma CK concentrations amongst the 

participants. This study suggests that the repeated effect may last longer than previously thought, 

with protective adaptation possibly lasting up to 6 months. It should also be noted that the 

protective effects seem to have an intensity and source specific adaptation such that higher 

intensities need be trained in the initial bout to elicit protection of subsequent bouts and only 

muscles involved in the ECC are subject to the repeated bout effect (100). This intensity 

component of the initial bout has been previously reported. Howatson et al. found that while an 

initial bout of exercise using 45 maximal eccentric contractions elicited more muscle soreness (p 

< 0.001) and isometric force loss (p < 0.001) in the first bout than 10 maximal eccentric 

contraction, the protective effects were similar between the groups for the repeated bout (64). It 

would seem that intensity of the initial bout, but not volume, is the primary variable in 

determining the protective effects of an initial bout of ECC on subsequent bouts.  

 

2.1.4 Measuring Muscle Damage  

There has been some debate as to the most appropriate techniques to measure muscle damage. 

Traditionally, muscle biopsy and histology have been used as direct measures of muscle damage. 

However, some research is indicating this may not be optimal (94). In a clever study design, 

Malm et al. performed multiple muscle biopsies and blood draws on individuals at select time 

points following either eccentric cycling or no exercise control. While most immunological 

markers were elevated, no differences were reported between groups for muscle or blood 

neutrophils or macrophages, satellite cell activation, or IL-1β. Furthermore, this study noted 

large variation between individuals as determined by large confidence intervals (94). It appears 

that muscle biopsy and ECC induced muscle damage elicit similar immunological changes, thus, 

complicating the results of studies which have used this method. In addition to the findings of 

Malm and colleagues, Warren et al. raised the question of a biopsy sample being representative 
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of the muscle tissue as a whole (173). While this point is valid, the muscle biopsy is still likely 

the most advanced method currently available for muscle analysis.  

 

In a review of measurement methods used for ECC-induced muscle damage and their efficacy, 

Warren et al. reported the most common measurement techniques in humans to be muscle 

soreness (73%), blood protein biomarkers (52%), and MVC (50%) with others using histology, 

range of motion, or other indices (173). These authors suggested that force related 

measurements, such as isometric and isokinetic MVC, should be included in analysis. Until a 

definition is clearly stated for muscle damage, a combination of variables is likely the best 

approach to determining the magnitude of ECC-induced muscle damage. 

 

2.2 Muscle Recovery 

 

2.2.1 Protein Intake  

Protein ingestion is accepted as a key macronutrient in the muscle reconditioning response and 

for stimulating muscle protein synthesis (MPS) in all age groups. Previous research has 

challenged the Recommended Daily Allowance (RDA) of 0.8 g/kg of protein in favor of 

increased doses for athletes, those wishing to improve body composition, and older adults. 

Research suggests these dosages should be higher in healthy individuals without health 

consequence, particularly in regard to renal function (26). While this topic is beyond the scope of 

this review of literature, the interested reader is directed to reviews of the topic (11, 132–136). 

 

2.2.1.1 Protein Dose  

Previous work has been completed to determine the optimal per serving dose of protein 

ingestion. In young, college-aged, resistance trained people, 20 g of protein has been shown to 

maximally stimulate muscle protein synthesis (MPS) in the resting and exercised postprandial 

state (176). Fractional synthetic rate (FSR) increased (p < 0.05) by ~49% and ~56% for 20 g and 

40 g, respectively, compared to 0 g. Additionally, compared to 10g, FSR was increased (p < 

0.05) by ~22% and ~28 for 20 g and 40 g, respectively. No differences were seen in MPS 

between 0 g and 10 g (p > 0.05). Further, slight, but not significant (p > 0.05), increases in FSR 

in the rested and exercised state for 40 g compared to 20 g of whey were found. However, amino 
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acid oxidation and urea production area under the curve was elevated, indicating a fate other than 

muscle protein synthesis (176). The results of this study indicate that 20 g of high-quality protein 

is sufficient to induce maximal MPS in young people. Intakes in excess of this amount contribute 

minimally to the muscle reconditioning response when the protein is of sufficient quality. 

However, this study utilized unilateral leg resistance training only. When whole-body resistance 

training was performed, 40 g whey protein stimulated MPS to a greater extent than did 20 g (p = 

0.005) in young, resistance trained men (92). Thus, the dose-response is dependent on the 

amount of muscle mass stimulated during training. Individuals seeking to maximize MPS should 

ingest at least 20 g of high-quality protein per serve with greater doses being required when 

whole-body training is performed. Of late, research has examined the necessary dose of protein 

to maximize MPS in aging and older individuals.  

 

Work investigating optimal per serving dose is somewhat equivocal in older adults and further 

work need be done to elucidate the dose response to protein ingestion in aging individuals. While 

20 g of protein was sufficient for younger individuals, older persons require a greater dose per 

serving. Older individuals display an “anabolic resistance” and a greater protein requirement is 

needed to maximally stimulate MPS (129, 181, 182). When either 10 g, 20 g, or 35 g of whey 

protein was given to healthy, older adults, 35 g whey protein led to greater aminoacidemia and 

amino acid absorption. This dose was also more effective at stimulating MPS than 10 g or 20 g 

in the resting state. FSR increased (p < 0.05) from the basal state by 44 ± 16% for 35 g while 

neither 10 g nor 20 g was sufficient to elevate MPS above basal rates (129). Yang and colleagues 

used an elegant model to determine FSR using constant infusion isotopic tracers with unilateral 

resistance exercise whereby the non-exercise leg served as the fed only control. Generally 

healthy, lightly to moderately active older adults were given either 0 g, 10 g, 20 g, or 40 g of 

whey protein isolate following the unilateral resistance exercise bout. Interestingly, 20 g of whey 

protein was sufficient at stimulating MPS in the non-exercised state (p < 0.05). The exercised 

state increased FSR for all whey doses compared to the non-exercised state (p <0.05). 

Myofibrillar FSR was elevated (p < 0.01) in the exercised state with both 20 g and 40 g 

compared to 0 g or 10 g. However, 40 g stimulated myofibril FSR to a greater extent (~32%, p < 

0.02) compared to 20 g in the exercised state (181). This would suggest that the combination of 

protein intake and resistance exercise is a potent stimulator of MPS. Further, resistance exercise 
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seems to exaggerate the effects of nutritional stimulation of MPS alone. Work by the same group 

found that neither 20 g nor 40 g of soy protein was sufficient to stimulate MPS at rest and only 

40 g of soy protein stimulated MPS post-exercise (p < 0.05) in a similar population. Both resting 

and exercised MPS was greater (p < 0.001) with whey compared to soy for the respective doses. 

Similar to the findings of other researchers 40 g of whey stimulated FSR to a greater extent (p < 

0.05) compared to 20 g whey protein post-exercise in older men (182). This work indicates a 

dose- and source-dependent nature of protein ingestion. Taken together, aging individuals 

require greater per serving doses of protein to maximally stimulate MPS and the muscle 

reconditioning response both at rest and post-exercise. Additionally, this response is mediated by 

factors such as dose, source, and exercise state. It should also be noted that all of these studies 

used whole proteins, rather than essential amino acid (EAA) or branched chain amino acid 

(BCAA) supplementation.  

 

2.2.1.2 Essential Amino Acids and Branched Chain Amino Acids 

Proteins are made up of chains of their component parts, amino acids. The body synthesizes 

some of the amino acids. These are called non-essential amino acids and have no influence on 

net nitrogen balance (105). However, the body is unable to synthesis some amino acids, termed 

essential amino acids (EAA), and must be consumed through the diet. Of the EAA, the branched-

chain amino acids (BCAA) comprised of leucine, isoleucine, and valine, have gained popularity 

in the sports supplementation and nutritional industries. As discussed in section 2.2.1.3, leucine 

has unique properties in its ability to stimulate anabolic processes such as the mTORC1 pathway. 

As such, it is no surprise that supplement companies and athletes have tried to take advantage of 

this anabolic amino acid via BCAA or EAA supplementation.   

 

In a study examining the effects of a nitrogen balanced EAA supplement either with or without 

leucine, 8 healthy, recreationally trained women were provided a total of 260 mg EAA/kg body 

weight in small boluses (150ml solution throughout the experiment) during a resistance exercise 

bout and 180-minute recovery period, with total leucine intake being 45 mg/kg body weight in 

the EAA with leucine group. Both mTORC1 and p70S6k phosphorylation were increased with 

both supplements post exercise. However, mTORC1 phosphorylation was increased to a greater 

extent at 1 hour of recovery (120% and 46% for EAA with leucine and EAA without leucine, 
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respectively; p < 0.05). Additionally, the downstream protein p70s6k phosphorylation was 

enhanced by 59-fold compared to 8-fold (p < 0.05) for EAA and EAA without leucine, 

respectively. The mRNA levels of negative modulators of mTORC1 such as regulated in 

development and DNA damage responses 1 (REDD1), muscle atrophy F-box (MAFbx), and 

muscle ring finger-1 (MuRF-1) were reduced (p > 0.05) following supplement ingestion, with no 

differences between groups (105). This research suggests leucine is required to maximally 

stimulate the anabolic mTORC1 pathway following resistance exercise but has little to no effect 

on muscle protein breakdown. In a follow up study seeking to determine if leucine mediated 

activation of mTORC1 is potentiated by BCAA or EAA, 8 resistance trained men were provided 

in a randomized and counter-balanced order either placebo, leucine only, BCAA, or EAA. 

Immediately post-exercise, all supplements increased mTOR phosphorylation, including 

placebo. While mTOR phosphorylation was still elevated at 90 minutes of recovery with 

placebo, it was elevated to a greater extent with the other treatments (37% leucine only, 57% 

BCAA, and 71% EAA). At 180 minutes of recovery phosphorylation of mTOR was still elevated 

above baseline but to a greater extent with BCAA and EAA (p < 0.05). S6K1 activity saw 

similar findings to mTOR phosphorylation, except EAA elevated activity to a greater extent (p < 

0.05) than all other trials at 90 minutes of recovery (104). This study agreed with previous 

findings that leucine is necessary for stimulation of the anabolic pathway of mTORC1 and its 

downstream signaling proteins, however, these results are enhanced with co-ingestion of BCAA 

and EAA. However, it has been suggested that a disconnect exists between activation of 

mTORC1 signaling and the protein synthetic response (71). Thus, Jackman et al. sought to 

determine myofibrillar synthetic response to BCAA ingestion without other EAA, intact 

proteins, or macronutrients following exercise. In a well-controlled study, 5.6g of BCAA were 

ingested by 10 healthy, resistance trained males following a bout of resistance training. Anabolic 

signaling was increased (p < 0.05) at 1 hour of recovery where phosphorylation of PRAS40 

increased ~12-fold and S6K1 phosphorylation increased ~6-fold compared to placebo. 

Myofibrillar FSR was increased by ~22% (p = 0.012) in BCAA compared to placebo. The 

primary finding of this study was that while BCAA ingestion following exercise is able to 

stimulate MPS, stimulation is submaximal. This was likely due to an increased ability for EAA 

utilization following resistance exercise. Thus, the limiting factor seems to be substrate 

availability of EAA to support maximal MPS. The secondary finding of this study is that it 
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appears increased anabolic signaling and elevated MPS are associated. Taken together, it seems 

leucine is required to stimulate anabolic signaling and MPS. However, without adequate EAA 

availability, MPS will be submaximal and induce limited muscle reconditioning in response to 

resistance exercise. It has been suggested, though, that EAA consumption stimulates MPS to a 

greater extent when taken in combination with carbohydrate pre- rather than post-exercise, likely 

due to enhanced amino acid delivery to muscle tissue (166). However, the combination of 

carbohydrate makes direct comparisons of findings difficult. Generalizations cannot be made at 

rest, however, following resistance exercise a sufficient dose of leucine, BCAA, and EAA should 

be ingested to maximally stimulate the synthetic response and muscle reconditioning response in 

young people. All of these studies were in young, resistance trained individuals. Given the body 

of literature stating an anabolic resistance with age, it seems likely that results would be similar 

to that of the presented studies, and that doses need be in excess of those suggested in the studies 

presented. One study did attempt to look at the effects of chronic consumption of a leucine rich 

(3.2 g) BCAA supplement or placebo on muscle recovery following 12 weeks of a resistance 

training protocol in an aging population (55-75 years old). While the beverage attenuated the 

decline in muscular strength at the acute phase of recovery (0-3 hrs post-ECC), no benefits were 

found for MVC during the regeneration phase (24-72 hrs post-ECC), muscle soreness, or 

biomarkers of muscle damage (143). It is possible that this dose was not sufficient for the 

population due to the noted anabolic resistance. Thus, future work need be done to examine the 

effects on aging populations. 

 

Though the acute muscle synthetic response to exercise seems to be blunted with consumption of 

only BCAA, others have noted benefits on muscle recovery following exercise. In regard to 

muscle recovery, studies have found benefit to consumption of BCAA supplementation on 

muscle soreness, return of muscle function and performance, biomarkers of muscle damage (CK, 

LDH, Myoglobin), and ratings of perceived exertion (14, 33, 63, 70, 99, 153). This is similar to 

findings consuming protein supplements such as whey (32) or milk concentrate (38). While some 

research has found no benefit (4), most research supports the use of BCAA and EAA protein 

containing protein supplements for muscle recovery. While leucine and BCAA supplements do 

exist, consuming intact protein sources or high-quality protein supplements may be more optimal 

than leucine or BCAA, alone. 
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2.2.1.3 Dairy- vs. Plant-Based Protein  

Leucine is often considered an important EAA for protein synthesis in part due its ability to 

trigger MPS. Leucine has been documented as a signaling molecule which regulates satiety, 

insulin secretion, and skeletal muscle anabolism (177). Leucine is unique amongst the BCAAs 

for its ability to stimulate MPS through a mechanistic target of rapamycin (mTOR) pathway (5), 

which is a potent stimulator of growth. Recent investigations propose that this stimulation is 

accomplished through a leucine-binding protein Sestrin 2 via Sestrin2-GATOR2 interaction 

(177). Thus, stimulating MPS requires a bolus of protein to be of either sufficient quality and/or 

dose to contain appropriate leucine content.  

 

Because leucine is unique amongst the EAAs to stimulate MPS, it is perhaps the most important 

amino acid in accrual of lean mass. Aging is often associated with muscle degradation, 

ultimately leading to sarcopenia and reduced function. In the aging populations, where muscle is 

degraded and sarcopenia may arise, increased leucine content is needed to maintain or stimulate 

muscle growth (74). Using a primed, constant infusion of labeled phenylalanine in conjunction 

with muscle biopsy and arteriovenous blood sampling, FSR and net nitrogen balance was 

determined in young and elderly individuals with ingestion of an EAA beverage containing 26% 

leucine or enriched with 41% leucine. As would be expected, the 41% leucine beverage elevated 

blood leucine concentrations above basal levels to a greater extent and for a longer duration (105 

min. vs. 120 min. for the elderly and 90 min. and 150 min. for the young groups for 26% and 

41% leucine, respectively) than did the 26% leucine beverage (p < 0.05). Both the 26% and 41% 

leucine beverages increased FSR in the young group (p < 0.05). Interestingly, only the 41% 

leucine beverage increased FSR in the elderly group (74). While the need for older individuals to 

consume greater per serving protein doses has already been discussed, these results suggests that 

greater leucine content, rather than dose, may be critical for stimulating postprandial MPS and 

maintenance or accrual of lean mass. Due to this, leucine content of a protein source is critical 

when discussing whole food or supplement sources. Various sources of protein, be it whole food 

or supplements, contain differing amounts of leucine. Table 1 lists the leucine amino acid 

reference ratio (AARR) for relevant protein sources to this review of literature (148). Dairy-

based proteins contain higher concentrations of leucine compared to plant-based proteins. Soy 

proteins do have a relatively high leucine concentration amongst other plant-based protein 
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counterparts; however, this concentration is still lower than dairy-based proteins. Practically, 

aging individuals would be able to consume smaller portions of dairy-based proteins compared 

to plant-based proteins to stimulate MPS, improve lean mass, and mediate age-related 

degradation of muscle tissue. The other alternative is to consume a combination of plant-based 

proteins, such as pea and rice protein, to compliment the amino acid profile and create a more 

complete protein supplement.  This would also reduce the need for ingesting excessively large 

boluses of protein per serving. Since aging has been associated with reduced appetite and food 

intake (35, 107), including insufficient protein ingestion (62, 86), smaller servings would likely 

be optimal for this population.  

 

Furthermore, it has been suggested that plant-based proteins are more likely to be converted to 

urea. Tujioka and group provided amino acid mixtures representative of wheat, casein, and 

whole egg to rats for 10 days. In addition to reduced body weight gain, this group found 

increased liver concentrations of AA and resulting urea production from wheat compared to the 

animal-based AA mixtures (170). Since AA mixtures were provided, differing digestibility was 

not a factor, suggesting that the EAA content of the proteins are responsible for the urea 

production, rather than lower digestibility. In elderly humans, Yang et al. found increased 

leucine oxidation rates for 20 g soy protein compared to 20 g whey protein (p = 0.002) relative to 

lean body mass (182). This suggests that plant proteins are directed to fates other than protein 

synthesis compared to similar doses of animal-based protein. Taken together, it would seem that 

the EEA content of the protein is driving these differences.  

Table 1 Leucine Amino Acid Reference Ratio (AARR) for Selected Protein Sources 

Protein Source Leucine AARR 

Whey Protein Isolate 2.57 

Whey Protein Concentrate 1.93 

Milk Protein Concentrate 1.77 

Pea Protein Concentrate 1.37 

Soy Protein Isolate 1.29 

Rice Protein Concentrate 1.11 

Adopted from Rutherford 2015  (148) 
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Plant-based proteins contain lower lysine and/or methionine content than do animal-based 

proteins (49, 172), thus providing a suboptimal EEA content. For example, rice contains a low 

lysine (3.8%) content compared to animal-based proteins and human muscle, but a sufficient 

quantity of methionine (2.2%). Additionally, pea contains a low methionine content (1.6%), but a 

relatively high amount of lysine (6.3%). This provides additional support that combining plant-

proteins with complimentary amino acid profiles, such as rice and pea, would provide a more 

optimal EAA content, and theoretically have a fate of protein synthesis rather than urea 

production. However, no work has been done examining protein synthesis, urea production, or 

functional outcomes with a combination of plant-based proteins.  

 

2.2.2 Protein Timing  

While protein dose per serving is an important factor in muscle reconditioning, other factors 

must be considered, such as protein timing. Anecdotally, strength athletes, bodybuilders, and 

weightlifters have consumed protein immediately following resistance training. This, perhaps, 

arose from the idea of an “anabolic window” following the bout of resistance exercise. This 

narrow window of opportunity has been described as the time period 45-60 minutes post-

resistance training where protein must be consumed to gain the greatest benefit (149). Protein 

timing has been extensively studied. Previous work has examined daily protein distribution 

patterns (8, 95). In a well-controlled study, young, resistance trained individuals were provided 

with 80 g total whey protein isolate. Protein was distributed as a bolus of 40 g, 20 g, or 10 g 

distributed every 6, 3, and 1.5-hrs, respectively, over a 12-hour post-exercise recovery period. 

The 40g bolus induced the greatest insulin concentrations, aminoacidemia, and anabolic 

signaling response. Interestingly, the increases in FSR during the early recovery phase (1-4 hrs) 

were not different between the doses (p > 0.05). During the entire 12-hour recovery period, 

however, the 20 g distribution increased myofibril FSR by 31% and 48% (p < 0.02) compared to 

10 g or 40 g, respectively (8).  This suggests that while a threshold dose must be met per serving, 

nutrient timing plays a role in the synthetic response. This study also suggests that while acutely, 

total protein intake may be the primary contributor to muscle reconditioning, protein timing may 

play a more important role in chronic adaption and muscle reconditioning. In agreeance with 

these findings, Mamerow et al. examined the effects on men and women (36.9 ± 3.1 years old) of 

even distributions of moderate doses of protein throughout the day, or skewing protein ingestion 
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such that protein consumption is minimal in the morning and greatest in the evening, as is often 

seen in many countries. Using a crossover design with a 30-day washout period and 7 days of 

habituation to either ~30 g protein 3 times per day or an isoenergetic and isonitrogenous diet 

with 10 g protein at breakfast, 15 g protein at lunch, and 65 g protein at dinner. Using a primed 

constant infusion of labeled phenylalanine and muscle biopsies, the authors reported 24-hour 

mixed muscle FSR to be ~25% greater in the even distribution both at day 1 (p = 0.003) and day 

7 (p = 0.001) of habituation compared to the skewed distribution (95). This study suggests that 

consuming moderate amounts of protein throughout the day is more beneficial for stimulating 

muscle protein synthesis than is the typical pattern of eating found in most countries. Taken in 

sum, those wishing to maximally stimulate the synthetic response should ingest a sufficient dose 

of protein in frequent intervals. The most popular timing of protein ingestion, and most 

frequently studied, is the time immediately pre- or post-workout. Previous studies have 

supported the consumption of protein immediately post-exercise (65, 141). When consuming 

~18 g of whey protein or ~19 g of protein blend 1 hour following resistance exercise, anabolic 

signaling and FSR in the post exercise recovery period increased in healthy, young individuals 

(141). It has been suggested that acute MPS responses be viewed as a proxy for the muscle 

reconditioning response and recovery, rather than an estimation of hypertrophy (172). Similarly, 

post-exercise consumption of 30 g whey protein decreased fat mass and increased relative fat 

free mass to a greater extent than did carbohydrate or carbohydrate and protein combination. 

However, not all research has found similar findings (25, 60, 171). Hoffman et al. provided 42 g 

of a mixed protein beverage to strength trained men either immediately pre- and post-exercise or 

in the morning and evening, with no differences between groups for body composition, strength, 

or power after 10 weeks of resistance training (60). Candow and colleagues provided either a 

placebo or 0.3 g/kg of a protein supplement either before or after resistance training for 12 weeks 

to older, untrained men. While resistance training improved lean mass and strength, this study 

found no effect between groups (25). Verdijk et al. provided 10 g of casein hydrolysate before 

and after resistance training to healthy, elderly (72±2 years) for 12 weeks. This study also 

reported improvements from resistance training for muscle cross sectional area, muscle strength, 

and body composition, however, there were no differences between groups (171). It should be 

noted, however, that the doses provided were suboptimal and likely insufficient to maximally 

stimulate MPS, and therefore promote muscle reconditioning, especially in older individuals. 
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While the pre- and post-exercise timing window has been the most popular ingestion period, pre-

sleep protein ingestion is a novel feeding opportunity which has been researched recently. 

 

2.2.2.1 Night-Time Protein Feeding  

Recent research has investigated the night-time protein feeding window just prior to sleep. In 

young and aging men, casein protein (40 g) was shown to be effectively digested and absorbed 

and to increase muscle protein synthesis during overnight recovery (53, 142). Similarly, a casein 

and carbohydrate mixed beverage consumed prior to sleep increased muscular strength (p < 

0.001), cross sectional area (p < 0.05), and type II muscle fiber size (p < 0.05) following 12 

weeks of a resistance training protocol compared to a noncaloric placebo (155). These studies 

support the notion that ingestion of a night-time protein meal can improve lean mass accrual. 

Work from our own lab has shown night-time protein feeding to have beneficial or non-

detrimental effects on metabolism and improve morning satiety without altering lipolysis (78, 93, 

120). Consumption of 30 g whey and casein protein prior to sleep increased (p < 0.05) resting 

energy expenditure (REE) in active men with no alteration in next morning satiety (93). REE 

was not changed when 30 g of casein protein was consumed prior to sleep in obese women, but 

did improve next morning satiety to a greater extent (p < 0.05) than did whey or carbohydrate 

(120). In young obese men, consumption of 30 g casein protein pre-sleep did not impede 

overnight or morning fat metabolism (78). It should be noted that recent work suggests that 30 g 

of pre-sleep casein protein can improve overnight whole-body protein balance compared to 

placebo (p <0.001) and those amino acids are incorporated into myofibrillar protein during the 

7.5-hour overnight period. However, 30 g casein protein or 30 g casein protein + 2 g free leucine 

was insufficient to stimulate myofibrillar protein synthesis rates above placebo during the 

overnight period in recreationally active, young men (23 ± 1 years) when consumed 30 minutes 

pre-sleep (169). This work suggests that 30 g of pre-sleep protein is insufficient to stimulate 

marked increases in overnight MPS. As stated above, 40 g of pre-sleep protein has shown benefit 

acutely and chronically on muscle adaptation. While an optimal dose of pre-sleep protein has yet 

to be determined, it seems that at least 40 g of protein should be consumed pre-sleep. Taken in 

sum, night-time protein feeding may be an additional opportunity to provide nutrients for those 

wishing to increase body composition via increased MPS thus lean mass accrual, increased REE, 

and, improved next day satiety without alteration of fat metabolism.  
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While there is an abundance of research on the effects of pre-sleep protein on synthetic rate and 

metabolism, there is a dearth of knowledge regarding pre-sleep protein and muscle recovery. 

However, three recent studies have examined the effects of night-time protein feeding on muscle 

recovery following damaging resistance exercise. West et al. provided a protein free cookie with 

a 50:50 carbohydrate:fat composition (~70 kcal) plus either 25 g whey protein or calorie matched 

carbohydrate to healthy, trained young men immediately following a night-time whole body 

resistance training session prior to sleep (20:00). Net protein balance was enhanced over the 24-

hour recovery period in the protein group, but not the carbohydrate group (p = 0.036). 

Interestingly, the carbohydrate group had greater protein synthesis rates than the protein group, 

but the protein group had reduced protein breakdown (174). This work also showed protein to 

have small to moderate effects on MVC (ES: 0.28), countermovement jump (ES: 0.49), and 

mean anaerobic power (ES: 0.49) at 10h and moderate effects of protein for MVC (ES 0.76), 

knee extension repetitions to failure (75% 1RM; ES: 0.44), and peak power (ES: 0.55) at 24-hrs 

compared to carbohydrate. Abbott et al. 2019 examined recovery of professional soccer players 

(male, age: 19 ± 1 yrs) following a night-time soccer match. Using a crossover design, this group 

provided either 40 g casein protein (CP) or 40 g carbohydrate (CHO) after the soccer matches 

and 30 minutes prior to sleep. There were no clear differences in work completed during the 

soccer matches between groups. CP had clear small to moderate benefits on attenuating 

reductions in countermovement jump height up to 36-hrs post-match, clear large benefits on 

attenuating reactive strength index up to 36-hrs post-match, and large benefit at 12-hrs post-

match for reducing muscle soreness compared to CHO (2). Of note, these benefits were observed 

even with sufficient daily protein intakes in CP (1.86 ± 0.22 g/kg) and CHO (1.93 ± 0.27 g/kg). 

However, not all data supports a benefit of pre-sleep protein on recovery. Apweiler et al. sought 

to determine the effect of pre-sleep protein compared to a carbohydrate control on muscle 

recovery from exercise induced muscle damage. Young men and women performed 100 drop 

jumps in the morning and consumed either ~40 g casein protein (CP) or ~40 g carbohydrate 

(CHO) before night-time sleep. All participants consumed a post-workout protein and 

carbohydrate recovery drink immediately following exercise. While the exercise protocol was 

shown to induce low (~10-15%) reductions in force production, indicating damage, no 

differences were measured between CP and CHO and for men or women in countermovement 

jump, maximal isometric voluntary contraction, soreness or pain pressure threshold (7). This 
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study reported total daily protein intake to be sufficient for both CP (2.12 ± 0.51 g/kg) and CHO 

(1.60 ± 0.59 g/kg). It could be that differences between groups were not observed because total 

daily protein intakes were met. This agrees with work by Joy et al. (73) and Antonio et al. (6), 

but disagrees with Abbott et al. (2). One possibility for the lack of improvement in recovery with 

pre-sleep protein is the timing of the exercise (morning exercise for the Apweiler et al. study), 

which the authors cited as the likely reason for differing results from the work of Abbott et al.(2) 

and West et al.(174) (these groups utilized evening exercise). It should be noted that all of these 

studies used a calorie matched carbohydrate control, thus the argument could be made that pre-

sleep carbohydrate is as effective as pre-sleep protein in healthy young men women at promoting 

improvements in body composition, performance, and muscle recovery rather than the 

conclusion that protein did not improve recovery. There is a dearth of information that compares 

eating to not eating at night before sleep, and how this may influence muscle recovery. 

Therefore, work is needed that utilizes a non-caloric placebo to determine if protein consumed 

before night-time sleep is in fact more effective than consuming nothing pre-sleep for improving 

muscle recovery following exercise induced muscle damage. It seems that dairy-based pre-sleep 

protein is beneficial for improving muscle recovery following night-time exercise bouts, but the 

efficacy is questioned if the training bout is performed earlier in the day. More work is needed to 

elucidate if pre-sleep protein is effective for improving muscle recovery following morning 

workouts, especially studies which control total daily protein intake. To date, all of the studies 

regarding pre-sleep protein on muscle recovery have used casein as the protein source. Future 

work should be done to investigate if other sources of protein consumed prior to night-time sleep 

are also effective at improving muscle recovery. Studies which utilize whey proteins during the 

pre-sleep feeding window should be conducted as whey protein has been shown to increase 

MPS, a marker of muscle reconditioning, to a greater extent than casein (22, 128, 161).  

 

2.2.3 Protein Source  

Various protein sources elicit different rates of hyperaminoacidemia in plasma (175). Sources 

such as whey and soy are termed “fast” as the post-consumption concentration of plasma amino 

acids is rapid. In contrast, sources such as casein are termed “slow” as the post-consumption 

aminoacidemia is slower and sustained longer. While plant-based protein products are gaining 
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popularity, this may not be optimal to animal- or dairy-based proteins. Little work has been done 

directly comparing the efficacy of varying sources of proteins.  

 

The work that has been done in this area has examined fluid milk compared to soy protein. In 

resistance trained men, 500-mL (~18 g protein) of fluid milk and isonitrogenous, isocaloric, and 

macronutrient matched soy protein elevated amino acid uptake and FSR post-exercise (p < 0.05). 

However, intact milk protein elicited a 34% greater FSR (p < 0.05) during the 3-hour recovery 

period compared to soy (175). Using a similar supplementation protocol, work by the same 

group showed a greater hypertrophic response to chronic post-exercise consumption of intact 

milk protein following 12 weeks of resistance training compared to soy protein. In young, novice 

weightlifters 500-mL of fat-free fluid milk increased (p < 0.05) type II fiber cross sectional area 

and lean mass to a greater extent than did isonitrogenous, isocaloric, and macronutrient matched 

soy protein or carbohydrate control (55). Yang and colleagues compared differing doses of soy 

and whey protein isolate in older men. Neither 20 g nor 40 g of soy protein stimulated MPS at 

rest while both 20 g and 40 g of whey protein did. Further, 40 g but not 20 g of soy protein 

stimulated MPS post-exercise while both 20 g and 40 g of whey protein did (p < 0.05). It should 

be noted that the synthetic response to soy was less (p < 0.001) than that of the dairy-based whey 

protein (182). In a nutritionally controlled study design, which utilized unilateral leg exercise 

such that the contralateral leg served as a non-exercise control, Tang et al. provided ~20 g of 

either whey hydrolysate, casein, or soy protein to young, resistance trained men. Whey 

hydrolysate induced greater (p < 0.05) aminoacidemia at both 30- and 60-min post-ingestion 

compared to soy and casein. Resting mixed protein synthesis was greater (p < 0.01) in whey 

hydrolysate and soy compared to casein. Following exercise, whey hydrolysate increased (p < 

0.05) MPS to a greater extent than did either soy or casein (161). Interestingly, it seems that 

whey hydrolysates may have beneficial effects on oxidative stress (137), inflammation (88), and 

exercise induced stress response (156).  

 

While ingesting larger per serving doses of plant-based protein could be an option to mediate 

differences between anabolic responses of dairy- and plant- based protein, consuming portions of 

>40 g of a single plant protein per serving is hardly feasible, especially considering aging 

individuals have a potential for reduced appetite. It is possible that one could consume a 
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combination of plant-based proteins to obtain a more complete amino acid profile, thus, 

requiring a lower per dose serving to obtain similar benefits as dairy-based proteins. 

Unfortunately, no work has been done examining the effectiveness of plant-based protein 

combinations in response to resistance training. Further research is needed to determine the 

effectiveness of other plant- based sources of protein, such as rice and pea or a combination 

thereof, to dairy-based proteins such as whey and casein. To date, no studies have directly 

compared the effects of dairy- or plant- based protein combinations on muscle recovery or 

metabolism following a damaging bout of resistance exercise.  

 

2.2.3.1 Protein Quality Evaluation 

Protein digestibility amino acid score (PDCAAS) has traditionally been used to estimate protein 

quality. Recently, expert recommendation by the Food and Agriculture Organization of the 

United Nations (FAO) has been to replace PDCAAS with the digestible indispensable amino 

acid score (DIAAS). For a full overview of the expert consultation, readers are referred to the 

FAO report (40)FAO. Report of an FAO Expert Consultation, 2013). To summarize the key 

points, PDCAAS use fecal protein digestibility which, due to limitations of the method, may 

overestimate values of true protein digestibility especially with proteins of lower quality. To that 

note, ileal protein digestibility at the terminal ileum better represents true protein digestibility 

and thus should be used in estimating protein quality. Ileal protein digestibility should be 

determined in rank order of humans, pigs, and rats. Additionally, dietary amino acids should be 

treated as individual nutrients and data should be reported in food tables, when possible. Though 

the expert opinion is to replace PDCAAS with DIAAS, and fecal protein digestibility with 

terminal ileal digestibility, further research is needed for various proteins and protein sources. 

Table 2 lists the PDCAAS and DIAAS of protein sources relevant to this thesis (148).  

 

2.3 Conclusion 

Resistance exercise is recommended for individuals of all ages to increase muscular strength and 

power, improve body composition, and improve performance of activities of daily living. 

However, novel exercise or exercise of unaccustomed intensity can lead to DOMS, 

inflammation, decreased performance, and metabolic alterations. Protein supplementation has 

been suggested to mediate the negative effects of exercise induced muscle damage and enhance 
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muscle recovery. Most work has examined the effectiveness of protein consumption either pre- 

or post-exercise. However, little work has been completed examining the effects of protein on 

muscle recovery in middle-aged individuals. Further, little is known about the effectiveness of 

dairy-based protein compared to plant-based protein sources, either in isolation or in 

combination, on younger or older populations. No studies have directly compared the effects of a 

dairy-based protein and plant-based protein in combination, such as a rice and pea protein 

combination on muscle recovery in younger or older populations. A novel area of research has 

been pre-sleep protein ingestion. This timing of protein ingestion represents an additional 

feeding window, which has shown benefit on MPS with possible benefit, but no harmful effects, 

on lipolysis. Additionally, recent work suggests casein protein consumed before bed can improve 

muscle recovery in younger individuals. Despite evidence supporting benefits of pre-sleep 

protein, no studies identify if the type of protein consumed pre-sleep influences muscle recovery. 

Therefore, the purpose of this study was to compare the effectiveness of dairy- or a combination 

of plant-based pre-sleep protein on muscle damage, metabolism, and performance following 

acute eccentric resistance exercise in middle-aged men. 

 

 

 

  

Protein Source DIAAS PDCAAS 

Milk Protein Concentrate 1.18 1.00 

Whey Protein Isolate 1.09 1.00 

Whey Protein Concentrate 0.973 1.00 

Soy Protein Isolate 0.906 1.00 

Pea Protein Concentrate 0.822 0.893 

Rice Protein Concentrate 0.371 0.419 

Table 2 DIAAS and PDCAAS of Select Protein Sources 

 Adopted from Rutherford 2015 (148) 
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CHAPTER 3 

METHODOLOGY 

 
3.1 Participants 

Middle-aged, recreationally active healthy men (40-64 years) were recruited to participate in this 

study (N=32). Recreationally active was defined as engaging in physical activity on ≥ 2 days of 

the week for the past 6 months. Participants were excluded if they engaged in eccentric specific 

exercise of the lower limbs in the past 6 months, chronically took any anti-inflammatory 

medication, or had a musculoskeletal injury in the past 3 years that would inhibit performance 

and completion of this study. Additionally, participants were excluded if they had uncontrolled 

cardiovascular disease (CVD) or metabolic disorders, if they had a BMI ≥ 30 kg/m2 and a body 

fat percentage ≥ 28%, or if they had allergies to dairy products. Lastly, participants were 

excluded if they smoke or quit smoking in the past 6 months. A washout period was required if 

participants were taking any nutritional supplements. All participants were informed of the 

procedures and risks associated with participating and signed an informed consent indicating 

their understanding. All procedures were approved by the Florida State University Institutional 

Review Board prior to testing (IRB00000446). 

3.2 Familiarization 

Participants arrived at the Institute of Sports Sciences and Medicine (ISSM) at Florida State 

University in the overnight fasted state between the hours of 0500 and 0900. On visit 1 (day -7), 

baseline measurements of height and weight were taken using a digital scale (Detecto Scale 

Company, Webb City, MO) and a wall mounted stadiometer (Seca Corporation, Chino, CA), 

respectively. Resting metabolic rate (RMR), body composition using dual energy x-ray 

absorptiometry (DXA; Hologic Model DPX-IQ, GE Medical Systems), isokinetic and isometric 

maximal voluntary contraction (MVC) using an isokinetic dynamometer (Biodex Medical 

Systems, Shirley, New York) was performed. Participants were instructed how to record their 

dietary intake and the MyFitnessPal app was downloaded for the participant. On visit 2 (day -4), 

RMR and MVC testing was performed. A warm-up consisting of 5 minutes of treadmill walking 

at a self-selected pace and a 1.0% grade was completed prior to all exercise on all visits.  
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3.3 Experimental Design 

A stratified, randomized, double blind, placebo-controlled study design was utilized. Participants 

were stratified by both age and body fat percentage then assigned (N= 8/group) to either whey 

hydrolysate (WH), whey protein isolate (WP), rice and pea combination (RP), or a flavor 

matched, non-caloric placebo (PL) immediately post-eccentric exercise (25 g) and 30-minutes 

pre-sleep (40 g) on the eccentric exercise day (visit 3, day 0) and the two subsequent 

experimental trial days (+24, +48). Protein supplements were weighed, packaged, and labeled by 

a researcher not otherwise involved in this study. Prior to leaving the laboratory, participants 

received a supplement package and an opaque bottle containing ~350 ml of water with 

instruction as to how and when to consume the beverage. Participants were instructed to write 

the time of consumption on the provided package and bring the empty package to the laboratory 

in the morning to indicate compliance.  

3.4 Exercise Protocol 

On visit 3 (day 0), participants arrived at ISSM in the overnight fasted state between the hours of 

0500 and 0900. Upon arrival, RMR testing was performed. Following RMR, baseline 

measurements of perceived muscle soreness were assessed using a visual analogue scale as 

described below. Then, baseline thigh circumference measurements of the dominant limb were 

performed. A baseline blood sample was collected as described below. Participants then 

performed 5 sets of 15 repetitions of bilateral maximal voluntary eccentric contractions of the 

knee extensors and knee flexors, respectively, for 5 sets of 15 repetitions at 60°/s on an isokinetic 

dynamometer. Two minutes of rest was given between sets and 5 minutes between each leg. This 

specific protocol has been shown to induce muscle damage (163) and similar protocols have 

been shown safe in older men (85, 87). Visual feedback was provided during the entirety of the 

exercise bout and verbal encouragement was provided by the researchers to promote maximal 

effort. The post-exercise supplement was consumed within 10 minutes of completion of the 

exercise protocol under supervision in the laboratory following post-exercise blood collection 

(+0). Ten minutes following ECC, isokinetic MVC was measured at angular velocities of 60°/s, 

180°/s, and 300°/s and isometric MVC was measured at 60°. RMR testing was performed at 45-

min post-exercise. A whole food meal (Vale Food Co., Tallahassee, Fl.; ~400 calories, 76 g 
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CHO, 8 g FAT, 5 g PRO) was provided and consumed under supervision in the laboratory 2-hrs 

following ECC. Blood samples were collected immediately post and at 4 and 6-hrs post-ECC.  

3.5 Post-Exercise Testing 

On visits 4, 5, and 6, participants returned to the laboratory at 24, 48, 72-hrs post-ECC in the 

overnight fasted state between the hours of 0500 to 0900. RMR, muscle soreness, and thigh 

circumference testing was performed. A fasting blood sample was collected, then isokinetic 

MVC was measured at angular velocities of 60°/s, 180°/s, and 300°/s and isometric MVC was 

measured at 60° on the dominant limb.  

3.6 Resting Metabolic Rate 

Participants arrived at the laboratory in the morning in the overnight fasted state. Participants 

were asked to refrain from caffeine consumption for 12-hrs and physical activity and alcohol 

consumption for 24-hrs prior to all metabolic measurements. Upon arrival, height and weight 

measurements were recorded. Testing was performed in a dark, climate-controlled room (20 - 

23ºC). RMR was measured with computerized open-circuit indirect calorimetry ParvoMedics 

TrueOne 2400 metabolic cart, Sandy, UT, USA) using a fitted hood. Gas exchange was 

measured continuously for 30 minutes and measurements recorded in the last 20 minutes were 

used for data analysis. Prior to testing, calibrations were performed with a flow meter using a 3-

liter syringe and with gas analyzers using verified gases of known concentrations.  

3.7 Muscle Soreness 

Participants were seated on a bench and asked to perform a full knee extension and knee flexion. 

They were asked to rate their perceived soreness in the lower extremities using an anchored 100 

mm visual analogue scale at pre, 24, 48, and 72-hrs post-ECC prior to blood sampling. The scale 

was labeled with “no soreness” at 0 mm and “extreme soreness” at 100 mm. Participants were 

instructed to make a vertical line along the scale to indicate perceived soreness in the muscles of 

the lower limb during the entire movement. 
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3.8 Thigh Circumference 

A Gullick tape measure was used to quantify thigh circumference on the dominant leg of each 

participant. Circumference was measured while placing the foot on a bench with the knee bent at 

a 90° angle. A mark was made at the midpoint between the proximal border of the patella and the 

intersection of the inguinal crease and anterior midline of the thigh to ensure measurements were 

taken in the same location during each trial. 

3.9 Blood Analysis 

Blood was collected from an antecubital vein (10 ml) at pre, 0, 4, 6, 24, 48, and 72-hrs post-

exercise into vacutainer tubes lined with EDTA (Becton, Dickinson & Company, New Jersey). 

Blood was centrifuged (Thermo Scientific, Waltham, MA) for 15 minutes at 3500 rpm at 4º C. 

Plasma aliquots (300-500 µL) were transferred into microtubes and stored at -80º C for later 

analysis. CRP, IL-10, insulin (Cat. Nos. SCRP00, DINS00, SS100C; R&D Systems, 

Minneapolis, MN), and CK (Cat. No. MAK116, Sigma Aldrich, St. Louis, MO) concentrations 

were determined by immunoassay according to manufacturer instructions. Glucose and IL-6 

concentrations were measured using a Beckman Coulter DxC600i. Sensitivities were 0.022 

ng/mL, 0.17 pg/mL, 2.15 pmol/L, 30 U/L, 5 mg/dL, and 0.5 pg/mL, respectively. Glucose and 

insulin concentrations were used to calculate HOMA-IR.  

3.10 Maximal Voluntary Contraction 

Testing was performed on the Biodex isokinetic dynamometer (Biodex Medical Systems, 

Shirley, NY). The participant was positioned so that the backrest was firmly against the back and 

the hips flexed at 90°. Hip, thigh, and chest straps were tightened so the participant was firmly 

secured into place. The lever arm was aligned visually at the axis of rotation of the knee joint at 

the lateral epicondyle. The lever arm was extended so that the inferior rim of the ankle pad was 

contacting the tibia just above the malleoli of the ankle. The positioning was recorded for each 

participant and utilized for all subsequent testing. The range of motion for extension and flexion 

was set. The leg was extended, locked into place, and the weight of the limb was recorded.  

Maximal concentric-concentric torque was measured in the dominant knee extensors and flexors 

at angular velocities of 60°/s (ISOK60), 180°/s (ISOK180), and 300°/s (ISOK300). Five 

repetitions were performed for extension (ext) and flexion (flex), respectively, for all velocities. 
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Sixty seconds of rest was given between changing velocities. The greatest peak torque at each 

velocity for each movement was recorded and used in data analysis for isokinetic MVC.  

Maximal isometric contraction (ISOM) was measured while still secured in the same position. 

The participant’s limb was moved to 60°. Three total repetitions were performed for isometric 

MVC for each extension and flexion. Repetitions were performed as 5 seconds MVC extension 

followed by 5 seconds of rest then 5 seconds of MVC flexion until all 3 repetitions were 

completed. The greatest MVC for each movement was recorded as peak torque and used in data 

analysis. Baseline measurements during visits 1 and 2 utilized both limbs to determine maximal 

concentric torque of both limbs in order to assess effort during the eccentric exercise on Day 0. 

Only the dominant leg was tested during post-exercise time points.  

3.11 Nutritional Control 

Caloric needs were determined from RMR data adjusted with an activity factor of 1.375. 

Participants received a standardized diet of 15% PRO, 55% CHO, and 30% fat (Vale Food 

Company, Tallahassee, FL) 2 days prior to and during all exercise and experimental days (+24h, 

+48h, +72h).  

 

Figure 1. Overview of Study Procedures 
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3.12 Statistics 

 
Participants were stratified into groups based on age and body composition to ensure 

homogeneity of the sample groups. A priori power analysis for CK, a primary outcome of our 

study, was performed based on a study investigating plant-based protein on muscle recovery 

following damaging exercise which reported a mean of 878.2 ± 72.12 vs. 1133.74 ± 152.23 for 

protein vs. placebo, respectively and an effect size of 0.73 for CK AUC (179). Using an α level 

of 0.05, β of 0.8 with 4 groups and 7 time points, it was determined that the required sample size 

to fully power this research was two participants per group (G Power version 3.1.9.2, Düsseldorf, 

Germany). Due to the small sample size determined for CK, a second a priori power analysis was 

performed with a much more conservative effect size to ensure that the study was adequately 

powered. To observe changes if they are present for CK, a sample size of 7 per group was 

required with an α level of 0.05, β of 0.8, and a small to moderate effect size of 0.25. 

Additionally, a priori power analysis for isometric peak torque was performed based on a similar 

study investigating pre-sleep protein on muscle recovery. Though raw data were not included, 

the authors reported an effect size of 0.28 for isometric peak torque at 10-hrs (174). Using an α 

level of 0.05 and β of 0.8 with 4 groups and 5 time points, it was determined that per group 

requirement to observe changes was 7 participants per group. A one-way ANOVA was utilized 

to examine baseline participant characteristics between groups. Within subjects and between 

treatments repeated measures ANOVA (RMANOVA) was used to determine time x treatment 

effects for all outcome variables. All measures contained 4 groups. Blood variables had 7 time 

points, muscle soreness and thigh circumference had 4 time points, and muscle function had 5 

time points. Significant main effects were further investigated using Bonferroni pairwise 

comparisons. Bonferroni post hoc analysis was performed to determine between group 

differences for significant time x treatment interactions. If sphericity was violated, Greenhouse-

Geisser corrections were used. All group x time interactions are reported as F (dftreatment,dferror) = 

F statistic, p-value, partial eta squared (ηp
2). For ηp2, effect size values were qualified as follows: 

small = 0 - 0.02, medium = 0.02 - 0.13, large = 0.13 - 0.26.  Statistical analysis was completed 

using SPSS (IBM SPSS Statistics for Windows, version 25; IBM Corp.). Significance was set at 

p < 0.05. Data are reported as mean ± standard error of the mean (SEM).  
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CHAPTER 4 

RESULTS 

4.1 Participant Characteristics 

 

Twenty-eight middle-aged recreationally active males were recruited from the Tallahassee, 

Florida community and volunteered to participate in the study. One participant dropped the study 

due to diagnosis of rhabdomyolysis prior to completion of the study. Those data were removed 

from analysis. A second participant was diagnosed with rhabdomyolysis after completion of the 

study. Those data were included in final analyses. While 32 participants were to be recruited, the 

study was terminated prior to the anticipated 32 total participants due to safety concerns from the 

exercise protocol. Thus, 27 individuals were included in final analyses. There were no significant 

differences at baseline between groups for age, height, weight, body fat %, or lean mass (see 

Table 3).  

 

 
Whey 

Hydrolysate 

Whey 

Isolate 

Rice/Pea Placebo Total p-value 

N 9 6 6 6 27 
 

Age, yr 57 ± 2 53 ± 3 56 ± 2 52 ± 4 55 ± 1 0.655 

Height, cm 179 ± 3 180 ± 3 179 ± 2 180 ± 3 179 ± 1 0.965 

Weight, kg 86.1 ± 4.3 83.9 ± 4.4 79.1 ± 4.9 78.7 ± 5.5 82.4 ± 2.3 0.613 

Lean Mass, kg 61.7 ± 1.9 60.7 ± 2.5 57.2 ± 3.2 55.9 ± 3.2 59.2 ± 1.3 0.346 

Body fat, % 24 ± 2 23 ± 2 23 ± 1 24 ± 2 23 ± 1 0.967 

 

 

4.2 Nutrient Intake 

Mean energy intake for all participants during the 5 days of standardized nutrition was 2351 ± 60 

kcals (PRO: 1.08 ± 0.02 g/kg, CHO: 323 ± 8 g, FAT: 78 ± 2 g). There were no differences 

between treatments for calories, PRO, PRO/kg, CHO, or fat intake (see Table 4). 

Table 3 Participant Characteristics 
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4.3 Blood Biomarkers 
 

4.3.1 CK 
 

Intra and Inter assay CVs for CK were 3.25% and 2.92%, respectively. One-way ANOVA 

indicated that there were no differences between groups at baseline (p = 0.147). RMANOVA 

with 4 groups (WPI, WPH, RPC, PLA) x 7 time points (pre, post, +4, +6, +24, +48, +72-hrs) 

indicated no significant group x time interactions (F 3.016, 21.113 = 0.184, p = 0.907, ηp
2 = 0.026, n = 

25) or main effects of group (F 3, 21 = 0.275, p = 0.843, ηp
2 = 0.038 . There was a main effect of 

time (F 1.005, 21.113 = 62.385, p < 0.001, ηp
2 = 0.748). Post hoc testing revealed that CK increased at 

+4-hrs (p < 0.001) and remained elevated at all time points compared to baseline, with a 

significant increase from all other time points at +72-hrs (see Figure 2).  

 

4.3.2 IL-6 
 

One-way ANOVA indicated that there were no differences between groups at baseline (p = 

0.535). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 7 time points (pre, post, +4, +6, 

+24, +48, +72-hrs) indicated no significant group x time interactions (F 9.961, 69.728 = 0.0.854, p = 

0.579, ηp
2 = 0.109, n = 25) or main effects of group (F 3, 21 = 0.422, p = 0.739, ηp

2 = 0.057). There 

was a main effect of time (F 3.320, 69, 728 = 7.633, p < 0.001, ηp
2 = 0.267). Post hoc testing revealed 

significantly greater IL-6 concentrations at +6-hrs compared to baseline (p = 0.002). IL-6 

  Whey 

Hydrolysate 

Whey 

Isolate 

Rice/Pea Placebo Total p-value 

Total 

Calories 

2405 ±113 2439 ± 136 2293 ± 102 2240 ± 135 2351 ± 60 0.654 

PRO, g 90 ± 4 91 ± 5 86 ± 4 84 ± 5 88 ± 2 0.654 

PRO, g/kg 1.05 ± 0.04 1.10 ± 0.06 1.10 ± 0.06 1.08 ± 0.06 1.08 ± 0.02 0.894 

CHO, g 331 ± 16 335 ± 19 315 ± 14 308 ± 19 323 ± 8 0.654 

Fat, g 80 ± 4 81 ± 5 76 ± 3 75 ± 5 78 ± 2 0.654 

Table 4 Standardized Nutrition 
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returned to baseline at +24-hrs and trended to increase again at +72-hrs compared to baseline (p 

= 0.089; see Figure 3). 

 

4.3.3 IL-10 
 

All measured concentrations were below the valid assay range (0.8 pg/mL). Thus, these data 

were not analyzed. 

 

4.3.4 CRP 
 

Intra and Inter assay CVs for CRP were 2.98% and 2.23%, respectively. One-way ANOVA 

indicated that there were no differences between groups at baseline (p = 0.577). RMANOVA 

with 4 groups (WPI, WPH, RPC, PLA) x 7 time points (pre, post, +4, +6, +24, +48, +72-hrs) 

indicated no significant group x time interactions (F 4.779, 33.453 = 1.315, p = 0.282, ηp
2 = 0.158) or 

main effects of group (F 3, 21 = 1.080, p = 0.379, ηp
2 = 0.134). There was a main effect of time (F 

1.593, 33.453 = 5.493, p = 0.013, ηp
2 = 0.207). Post hoc testing revealed that CRP concentrations 

were significantly elevated immediately after exercise. No other time points were significantly 

different from baseline (see Figure 3).  

 

4.3.5 HOMA-IR 
 

Intra and Inter assay CVs for insulin were 2.81% and 0.98%, respectively. One-way ANOVA 

indicated that there were no differences between groups at baseline (p = 0.306; n = 27). 

RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 4 time points (pre, +24, +48, +72-hrs) 

indicated no significant group x time interactions (F 7.037, 53.950 = 1.559, p = 0.167, ηp
2 = 0.169), 

main effects of group (F 3, 23 = 1.183, p = 0.338, ηp
2 = 0.134), or main effects of time (F 2.346, 

53.950 = 1.005, p = 0.383, ηp
2 = 0.042; see Figure 2).   

 

4.4 Muscle Function 

 

4.4.1 ISOMext 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.867). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F8.191, 62.801 = 1.291, p = 0.263, 

ηp
2 = 0.144). There were no significant main group effects (F3, 23 = 0.227, p = 0.876, ηp

2 = 0.029). 
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There were significant main time effects following the exercise bout (F 2.730,62.801 = 10.366, p < 

0.001, ηp
2 = 0.311). Post hoc tests indicated that peak torque was reduced immediately post-ECC 

and remained reduced compared to baseline until returning to pre-ECC values at +72-hrs (see 

Figure 4 and Table 5).  

 

 

 

Figure 2 Muscle Damage Markers A) 

Creatine Kinase B) Muscle Soreness C) 

HOMA-IR; ** indicates significant time 

effect from baseline (p ≤ 0.001) 

Figure 3 Inflammatory Response A) IL-6 B) 

CRP C) Thigh Circumference; ** indicates 

significant time effect from baseline (p ≤ 

0.001); * indicates significant time effect from 

baseline (p ≤ 0.05). 

Figure 3 Inflammatory Response A) IL-6 B) 

CRP C) Thigh Circumference; ** indicates 

significant time effect from baseline (p ≤ 

0.001); * indicates significant time effect from 

baseline (p ≤ 0.05). 
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4.4.2 ISOMflex 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.675). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F8.524, 65.347 = 1.031, p = 0.424, 

ηp
2 = 0.118). There were no significant main group effects (F3, 23 = 0.317, p = 0.819, ηp

2 = 0.040). 

There were significant main time effects following the exercise bout (F 2.841,65.347 = 34.134, p < 

0.001, ηp
2 = 0.597). Post hoc testing indicated that peak torque was reduced at all time points 

following the exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 4 and 

Table 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Isometric Muscle Function A) 

Isometric extension; B) Isometric flexion; Raw 

data was analyzed for statistical purposes and 

represented as percent of baseline values; ** 

indicates significant time effect from baseline 

(p ≤ 0.01); * indicates significant time effect 

from baseline (p ≤ 0.05).  
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4.4.3 ISOK60ext 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.632). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 7.510, 57.573 = 1.593, P = 0.151, 

ηp
2= 0.172). There were no significant main group effects (F3, 23 = 0.784, p = 0.515, ηp

2 = 0.093). 

There were significant main time effects following the exercise bout (F 2.503,57.573 = 19.258, p < 

0.001, ηp
2 = 0.456). Post hoc testing indicated that peak torque was reduced at all time points 

following the exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 5 and 

Table 5). 

 

4.4.4 ISOK60flex 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.842). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 6.417, 49.196 = 0.727, P = 0.639, 

ηp
2 = 0.087). There were no significant main group effects (F3, 23 = 0.827, p = 0.827, ηp

2 = 0.037). 

There were significant main time effects following the exercise bout (F 2.139,49.196 = 39.055, p < 

0.001, ηp
2 = 0.629). Post hoc testing indicated that peak torque was reduced at all time points 

following the exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 5 and 

Table 5). 

 

4.4.5 ISOK180ext  

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.864). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 8.373, 64.193 = 1.084, P = 0.386, 

ηp
2= 0.124). There were no significant main group effects (F 3, 23 = 0.630, p = 0.603, ηp

2 = 0.076). 

There were significant main time effects following the exercise bout (F 2.791,64.193 = 8.835, p < 

0.001, ηp
2 = 0.278). Post hoc testing indicated that peak torque was reduced at all time points 

following the exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 5 and 

Table 5). 
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4.4.6 ISOK180flex 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.945). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 7.688, 58.945 = 1.384, p = 0.225, 

ηp
2= 0.153). There were no significant main group effects (F 3, 23 = 0.584, p = 0.631, ηp

2 = 0.071). 

There were significant main time effects following the exercise bout (F 2.563,58.945 = 10.576, p < 

0.001, ηp
2 = 0.315). Post hoc testing indicated that peak torque was reduced at all time points 

following the exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 5 and 

Table 5). 

 

4.4.7 ISOK300ext 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.741). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 7.730, 59.260 = 0.593, p = 0.774, 

ηp
2= 0.072). There were no significant main group effects (F 3, 23 = 0.720, p = 0.550, ηp

2 = 0.086). 

There were significant main time effects following the exercise bout (F 2.577, 59.260 = 7.001, p < 

0.001, ηp
2 = 0.233). Post hoc tests indicated that peak torque was reduced immediately post-ECC 

and remained reduced compared to baseline until returning to pre-ECC values at +72-hrs (see 

Figure 5 and Table 5). 

 

4.4.8 ISOK300flex 

One-way ANOVA indicated that there were no differences between groups for baseline power (p 

= 0.724). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 5 time points (pre, post, +24, 

+48, +72-hrs) indicated no significant group x time interactions (F 12, 92 = 0.617, p = 0.822, ηp
2= 

0.075). There were no significant main group effects (F 3, 23 = 1.092, p = 0.372, ηp
2 = 0.125). 

There were significant main time effects following the exercise bout (F 4, 92 = 6.102, p < 0.001, 

ηp
2 = 0.210). Post hoc tests indicated that peak torque was reduced +24-hrs following the 

exercise bout and did not return to pre-ECC values at +72-hrs (see Figure 5 and Table 5). 
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Figure 5 Isokinetic Muscle Function A) Isokinetic extension 60°/s B) Isokinetic flexion 60°/s 

C) Isokinetic extension 180°/s D) Isokinetic flexion 180°/s E) Isokinetic extension 300°/s F) 

Isokinetic flexion 300°/s; Raw data was analyzed for statistical purposes and represented as 

percent of baseline values ** indicates significant time effect from baseline (p ≤ 0.01); * 

indicates significant time effect from baseline (p ≤ 0.05).  
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Variable Pre-exercise Post (+0) +24 +48 +72 

ISOMext (Nm) 

WI 
WH 
RP 

PL 

 
182.9 ± 15.4 
182.5 ± 10.3 
193.3 ± 15.4 
196.4 ± 15.4 

 
152.9 ± 12.6 
164.3 ± 10.3 
157.7 ± 12.6 
144.8 ± 12.6 

 
168.6 ± 15.4 
153.5 ± 12.6 
152.1 ± 15.4 
146.2 ± 15.4 

 
175.0 ± 14.2 
173.7 ± 11.6 
144.3 ± 14.2 
148.5 ± 14.2 

 
184.6 ± 18.0 
169.5 ± 14.6 
161.4 ± 18.0 
163.0 ± 18.0 

ISOMflex (Nm) 
WI 
WH 

RP 
PL 

 
86.2 ± 7.9 
91.9 ± 6.5 
95.3 ± 7.9 
99.7 ± 7.9 

 
64.9 ± 8.9 
68.7 ± 7.2 
69.1 ± 8.9 
73.8 ± 8.9 

 
66.7 ± 8.4 
60.8 ± 6.9 
72.8 ± 8.4 
74.0 ± 8.4 

 
57.9 ± 9.1 
64.0 ± 7.4 
51.4 ± 9.1 
70.9 ± 9.1 

 
60.6 ±8.7 
67.2 ± 7.1 
63.0 ± 8.7 
68.4 ± 8.7 

ISOK60ext (Nm) 
WI 
WH 

RP 
PL 

 
173.9 ± 10.9 
156.5 ± 8.9 

169.3 ± 10.9 
163.1 ± 10.9 

 
140.8 ± 12.8 
142.1 ± 10.5 
136.8 ± 12.8 
132.0 ± 12.8 

 
146.2 ± 14.0 
134.9 ± 11.4 
130.1 ± 14.0 
124.3 ± 14.0 

 
152.1 ± 11.4 
134.2 ± 9.3 

108.6 ± 11.4 
120.6 ± 11.4 

 
156.5 ± 13.8 
137.6 ± 11.3 
120.4 ± 13.9 
127.0 ± 13.9 

ISOK60flex (Nm) 
WI 
WH 

RP 
PL 

 
96.1 ± 8.0 
87.6 ± 6.5 
93.7 ± 8.0 
89.5 ± 8.0 

 
71.1 ± 7.3 
72.8 ± 6.0 
62.6 ± 7.3 
70.0 ± 7.3 

 
70.6 ± 8.4 
66.9 ± 6.9 
63.9 ± 8.4 
63.9 ± 8.4 

 
61.5 ± 7.5 
60.1 ± 6.2 
43.5 ± 7.5 
56.0 ± 7.5 

 
63.9 ± 8.5 
59.2 ± 7.0 
56.0 ± 8.5 
56.8 ± 8.5 

ISOK180ext (Nm) 
WI 

WH 
RP 
PL 

 
115.9 ± 8.4 
123.2 ± 6.9 
115.1 ± 8.4 
119.4 ± 8.5 

 
104.5 ± 9.0 
109.5 ± 7.3 
97.9 ± 9.0 
99.2 ± 9.0 

 
111.3 ± 9.2 
111.2 ± 7.6 
97.0 ± 9.2 

100.1 ± 9.2 

 
102.8 ± 9.5 
110.5 ± 7.7 
79.2 ± 9.5 

101.3 ± 9.5 

 
110.1 ± 11.3 
106.5 ± 9.2 

101.4 ± 11.3 
100.2 ± 11.3 

ISOK180flex (Nm) 
WI 

WH 
RP 
PL 

 
63.5 ± 6.5 
68.3 ± 5.3 
65.1 ± 6.5 
67.0 ± 6.5 

 
56.4 ± 5.3 
57.3 ± 4.3 
49.4 ± 5.3 
53.6 ± 5.3 

 
62.8 ± 6.4 
57.9 ± 5.3 
50.4 ± 6.4 
50.7 ± 6.4 

 
52.0 ± 6.4 
54.5 ± 5.2 
37.7 ± 6.4 
49.4 ± 6.4 

 
66.6 ± 10.0 
50.8 ± 7.9 
48.3 ± 9.7 
47.6 ± 9.7 

ISOK300ext (Nm) 
WI 

WH 
RP 
PL 

 
98.0 ± 6.9 

101.7 ± 5.6 
92.2 ± 6.9 
95.6 ± 6.9 

 
87.2 ± 8.1 
98.1 ± 6.7 
87.4 ± 8.1 
77.5 ± 8.1 

 
89.7 ± 8.1 
96.3 ± 6.6 
87.9 ± 8.1 
85.4 ± 8.1 

 
84.2 ± 8.3 
91.2 ± 6.8 
74.4 ± 8.3 
78.0 ± 8.3 

 
91.5 ± 8.9 
95.2 ± 7.3 
90.7 ± 8.9 
84.2 ± 8.9 

ISOK300flex (Nm) 
WI 

WH 
RP 
PL 

 
65.5 ± 4.9 
63.8 ± 4.0 
57.5 ± 4.9 
63.4 ± 4.9 

 
60.5 ± 5.9 
61.5 ± 4.8 
53.2 ± 5.9 
57.4 ± 5.9 

 
57.7 ± 5.4 
60.3 ± 4.4 
49.3 ± 5.4 
52.7 ± 5.4 

 
51.0 ± 4.9 
60.6 ± 4.0 
46.0 ± 4.9 
56.1 ± 4.9 

 
55.3 ± 5.2 
60.8 ± 4.3 
48.1 ± 5.2 
55.5 ± 5.2 

 

 

 

 

Table 5 Raw Data for Muscle Function 
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4.5 Muscle Soreness 

 

One-way ANOVA indicated that there were no differences between groups at baseline (p = 

0.330). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 4 time points (pre, +24, +48, +72-

hrs) indicated no significant group x time interactions (F 9, 69 = 0.780, p = 0.636, ηp
2 = 0.092). 

There were no significant main group effects (F 3, 23 = 1.669, p = 0.201, ηp
2 = 0.179). There were 

significant main time effects following the exercise bout (F 3, 69 = 49.690, p < 0.001, ηp
2 = 

0.684). Post hoc tests indicated that muscle soreness was increased following the exercise bout 

and did not return to pre-ECC values at +72-hrs (Figure 2). 

 

4.6 Thigh Circumference 

 

One-way ANOVA indicated that there were no differences between groups at baseline (p = 

0.261). RMANOVA with 4 groups (WPI, WPH, RPC, PLA) x 4 time points (pre, +24, +48, +72-

hrs) indicated there were no group x time effects (F 5.463, 41.884 = 1.027, p = 0.418, ηp
2 = 0.118), 

main group effects (F 3, 23 = 1.452, p = 0.254, ηp
2 = 0.159), or main time effects (F 1.821, 41.884 = 

0.880, p = 0.413, ηp
2 = 0.037)  (Figure 3).  
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CHAPTER 5 

DISCUSSION 

 

The present study sought to determine the effects of different sources of pre-sleep protein 

on muscle recovery in middle aged males following morning exercise. The primary findings of 

the present study were 1) dairy- and plant-based protein consumed pre-sleep failed to reduce 

blood markers of inflammation and muscle damage or muscle soreness 2) the eccentric protocol 

utilized did not induce acute insulin resistance and 3) dairy- and plant-based protein consumed 

pre-sleep failed to consistently improve muscle function during the 72-hr recovery period. In 

contrast to our hypotheses, dairy-based proteins were not more effective at improving markers of 

inflammation and muscle damage, muscle soreness, and muscle function compared to plant-

based protein and placebo. 

In the present study, CK concentrations increased following exercise and continued to 

rise, reaching a peak at 72-hrs post-ECC, indicating the eccentric protocol utilized did, in fact, 

elicit muscle damage. This delayed increase is in line with previous reports, which have 

indicated peak levels between 3-5 days post-damaging exercise (82, 108, 157). While increases 

at earlier time points were relatively modest (albeit significant compared to baseline), the 

increase at 72-hrs post-ECC was a marked increase (414.0 ± 44.9 to 3692.0 ± 457.5 U/L; 

791.73% increase from +48-hrs). The present study found no benefit of pre-sleep protein, 

regardless of source, on CK concentrations. Only 1 other study has examined effects of pre-sleep 

protein on CK concentrations, which also found no benefit (89). Thus, the present study agrees 

with Larsen et al. that pre-sleep protein does not attenuate increases of CK following intensive 

exercise. Others have reported no benefit of protein supplementation on post-exercise CK 

concentrations (30, 50) which also agrees with the present study. Green et al. observed no 

differences between placebo, CHO, or CHO+PRO in young, female recreational athletes 

following downhill running (50). Similarly, Cockburn et al. reported no clear effects of semi-

skimmed milk compared to non-caloric placebo following eccentric exercise performed on  an 

isokinetic dynamometer in young, male athletes (30). The present study agrees with Green et al. 

and Cockburn et al., despite differences in age, gender, training status, and exercise protocols. 

Differing from the present study, others have reported benefits of protein consumed at other 
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times on CK concentrations following damaging exercise (17, 31, 54). Brown et al. reported a 

reduction in CK in active females at 48-hrs post-exercise with whey hydrolysate compared to 

CHO control, however, no other timepoints were different between treatments during the 72-hr 

recovery period (17).  Hansen et al. reported whey hydrolysate to reduce CK concentrations 

compared to CHO in young, elite orienteers (men and women) when consumed before and after 

each exercise session during 1 week of endurance training camp (54). Cockburn et al. reported 

milk and CHO-PRO beverage reduced CK at 48-hrs compared to CHO only beverage in young, 

competitive male athletes. In fact, CK did not increase from baseline in either protein group (31). 

Since age, gender, training status, and exercise protocol cannot explain differences in findings, it 

is plausible that the timing of protein consumption in relation to the bout of exercise influenced 

the results. The present study also observed a large variation in CK response to the ECC 

exercise. Some participants increased less than 1-fold, while others had increases of over 100-

fold. High inter-subject variability has been previously reported (10, 77, 124). It has been 

demonstrated that age (146), training status (110), and body composition (122) are factors that 

modify muscle damage responses. It is possible that the large variation noted in the present study 

can be attributed, at least partly, to these factors. The possibility that the total daily protein 

consumed by our participants was insufficient to elicit favorable attenuations in CK 

concentrations post-ECC cannot be dismissed.  

The muscle damaging exercise protocol utilized in the present study elevated muscle 

soreness. While the time course of muscle soreness in the present study is similar to the findings 

of others (63, 116), the present study did not find a benefit of any pre-sleep protein source on 

reducing exercise induced muscle soreness post-ECC. Previous research has shown a benefit of 

BCAA (52, 63, 70) and both animal (2, 43) and plant (179) protein supplementation on 

attenuating exercise induced muscle soreness. Not all studies have shown BCAA (4) or protein 

(7, 21, 23, 31, 37, 38, 41) supplementation to reduce muscle soreness. Buckley et al. provided 25 

g of whey isolate, whey hydrolysate, or a flavored water placebo to young, sedentary men 

following 100 maximal ECC contractions of the knee extensors of the right leg. While muscle 

soreness was elevated following ECC, no differences were observed between groups in ratings of 

muscle soreness in the 24 hour recovery window (21). Similarly, Etheridge et al. provided a milk 

protein concentrate containing 40 g EAA or a flavored water following a downhill running 

protocol. In agreement with the present study, muscle soreness was elevated following the 
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damaging exercise, with no differences between protein or control groups during the 72-hour 

recovery window (38). Due to differences in timing of protein, it is difficult to make direct 

translations to the present study. Of the studies providing pre-sleep protein, Abbott et al. reported 

a large beneficial effect on muscle soreness 12-hrs after a night-time soccer match when 40 g 

pre-sleep casein protein was ingested compared to iso-energetic CHO (2). Apweiler et al. also 

provided either 40 g pre-sleep casein or iso-energetic CHO (7). However, in this study, no 

benefit of pre-sleep protein was reported in men or women following 100 drop jumps performed 

in the morning (hours away from pre-sleep protein consumption). Similar to Apweiler et al., the 

present study performed a morning bout of exercise and found no benefit of pre-sleep protein 

supplementation. Therefore, the most logical explanation for differences in findings is the timing 

of exercise, whereby pre-sleep protein does not seem to have benefit when exercise is performed 

in the morning. 

IL-6 concentrations were significantly increased at 6-hrs post-ECC in the current study 

which is in agreement with the notion that muscle damaging exercise results in an immune 

response (125, 126, 138) and in particular, an increase in IL-6 (70, 91, 121, 127, 179). Protein 

supplementation has been reported to reduce IL-6 post-exercise (75, 179), which disagrees with 

the current study. Kerasioti et al. reported a reduction in IL-6 following exercise in younger, 

physically active men when a carbohydrate-protein supplement was provided (75). It is difficult 

to translate these to the present study as the present study provided a protein only supplement to 

middle-aged men. Carbohydrates have been reported to reduce IL-6 following endurance type 

exercise (112) indicating the carbohydrate provided by Kerasioti et al. could have been a 

contributing factor to the reductions in IL-6. Xia et al. provided 25 g of oat protein for 14 days 

prior to a downhill running protocol and for 4 days post-exercise. This group reported IL-6 

concentrations to be 29% lower in the oat protein group compared to placebo (179). This study 

utilized untrained collegiate men, which differs from the recreationally active, middle-aged men 

utilized in the present study. It is possible that the training status or age of the populations 

studied could explain the difference in findings as both aging (42, 178) and regular exercise (20, 

81) have been reported to alter inflammation. It is also possible that the longer duration of 

supplementation compared to the present study contributed to the difference in findings. The 

present study disagrees with the findings of Kerasioti et al. and Xia et al. that protein reduces IL-

6 concentrations post-exercise. Not all studies have found benefit of protein on IL-6 
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concentrations (147). Rowlands et al. reported a likely decrease in IL-6 on day 2 in endurance-

trained males when a protein-enriched recovery bar and milk-like drink was consumed compared 

to energy matched but low protein bar and beverage but possibly trivial overall average effects 

on IL-6 (147) which agrees with the present study. However, it should be noted that it is difficult 

to make direct comparisons as no other study to date has examined the effects of pre-sleep 

protein on IL-6 concentrations during the post-damaging exercise recovery period.   

 CRP concentrations were significantly greater immediately following exercise compared 

to baseline which is in line with previous reports showing increases following exercise (19, 75, 

97, 154, 179). Brull et al. reported peak CRP concentrations 2-hrs following a 48-hr strenuous 

military training event in British army recruits (19), which is similar to the findings of the 

present study. However, Xia et al. reported circulating CRP concentrations to peak at 24-hrs after 

downhill running and these levels remained elevated from baseline at 96-hrs post-exercise (179), 

which is not agreement with the current study. There was a large variation in individual response 

in the present study. The mean difference from baseline to immediately post exercise was 37.92 

± 10.53 ng/mL (5.3 % increase) indicating post-ECC values were greater than baseline. 

Interestingly, mean differences from 24-hrs post-ECC were 499.19 ± 196.01 ng/mL (69.74% 

increase). This suggests that while mean concentrations in CRP were actually greatest at 24-hrs, 

large variability and therefore large standard errors made finding statistically significant 

differences difficult. To further this point, this large variation in responses can help to explain 

differences in peak concentrations between studies. Protein supplementation has been shown to 

attenuate increases in CRP post-exercise (75, 179), which is not in agreement with the present 

study. Xia et al. showed oat protein to reduce CRP concentrations 72 and 96 hours following a 

downhill running protocol in young, untrained men (179). The present study did not find protein 

supplementation to attenuate CRP concentrations compared to placebo. Differences in findings 

could be attributed to the populations as Xia and group utilized young, untrained men and the 

present study utilized middle-aged, recreationally active men. Reductions in CRP concentrations 

have been shown with regular exercise (9). Additionally, Stewart and group reported reduced 

CRP concentrations following 12 weeks of combined aerobic and resistance training in inactive 

individuals, but not active individuals (159). Therefore, training status differences between the 

present study and that of Xia et al. could help explain differences in findings. Further, Xia et al. 

provided protein supplementation for 14 days prior to the exercise bout, whereas the present 
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study provided supplementation starting the night of exercise. Therefore, the supplement 

protocol is another difference which could help explain differences in findings.  Other studies 

have reported no effect of protein supplementation on CRP concentrations during recovery 

(147). Rowlands et al. reported an overall average unclear effect of protein supplementation in 

endurance-trained men following 3 high-intensity cycling bouts over 4 days, which agrees with 

the present study. As Rowlands et al. also used active individuals it is possible that differences in 

findings can be attributed to training status of the participants.  Interestingly, in the present study, 

when outliers were removed, increases in CRP compared to baseline were not measured. 

Previous reports have indicated no change in CRP following eccentric exercise (103, 118), 

however both of these studies utilized the elbow flexors in their protocol. Other studies have 

shown changes in CRP when utilizing muscle damaging exercise of the knee extensors (97) and 

prolonged endurance exercise (154).   

Following muscle damage, limb swelling has been reported to occur (27, 28, 115, 116, 

179). The present study did not find limb swelling to occur post-ECC. Differences in muscle 

groups examined may help to explain the differences in outcomes. Nosaka et al. utilized maximal 

eccentric contractions to induce damage of the elbow flexors in resistance training naïve male 

students. This group reported upper arm circumference to increase post-ECC, with a peak at 3-4 

days post-exercise (115). The present study utilized maximal eccentric contractions of the lower 

limbs in middle-aged males; thus, it is possible that no significant swelling occurring in the 

current study can be, in part, attributed to the difference in muscle groups and populations 

studied. Xia et al. utilized a downhill running protocol to induce damage in untrained, college 

aged males. Thigh girth was increased up to 3 days post-exercise (179). Differences in exercise 

protocol and population studied may help to explain the differences in findings as the present 

study utilized recreationally active individuals. However, not all studies have reported swelling 

following muscle damage (17). Brown et al. implemented a repeated sprint protocol to induce 

muscle damage in young, trained females. No time effects for thigh or calf girth was reported 

(17). While the populations studied and protocols used to elicit muscle damage differed, both 

populations had some training background. Thus, the present study agrees with the findings of 

Brown et al. that thigh circumference was not increased following damaging exercise when 

participants were not exercise naïve.  
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There was no time effect measured for HOMA-IR indicating normal insulin handling 

post-ECC. This is in contrast to previous reports showing eccentric exercise induced acute 

insulin resistance (3, 80). Kirwan et al. reported reduced glucose disposal rates during 

euglycemic-hyperinsulemic clamps following ECC compared to concentric exercise or control at 

48-hrs (80), indicating acute insulin resistance following ECC. A later study expanded on ECC 

induced insulin resistance, showing reduced insulin stimulated IRS1 tyrosine phosphorylation, 

PI3K activity, and Akt serine phosphorylation following downhill treadmill running compared to 

control. These molecular alterations were reported in combination with glucose disposal rates 

that were 19% lower following the ECC versus the non-exercise control trial (3). Kirwan et al. 

and Del Aguila et al. both used hyperinsulemic clamps to measure glucose disposal rates while 

the present study utilized HOMA-IR as an indication of insulin resistance. Differences in testing 

methodologies could explain the non-findings of the present study. Additionally, both studies 

utilized downhill running protocols while the present study utilized ECC MVC of the knee 

extensors and flexors. It is also possible that differences in exercise protocol led to differing 

results. Further, it is possible that the training status of the participants resulted in different 

findings between studies as Kirwan et al. and Del Aguila et al. utilized untrained participants 

while the present study utilized recreationally active participants. In support of this notion, Green 

et al. reported a novel bout of eccentric exercise, specifically downhill treadmill running, to  

eliminate the increases of glucose and insulin following a second bout of eccentric exercise (51).  

As expected, the eccentric protocol utilized in the present study resulted in reduced peak 

torque in all muscle function variables, indicating damage. Force reduction following intensive 

exercise has been well reported (2, 7, 18, 29, 150, 160, 174). Pre-sleep protein supplementation 

has been suggested to attenuate reductions in force production (2, 174); however, the present 

study did not note benefits of pre-sleep protein on attenuating reductions in isometric or 

isokinetic peak torque.  A pre-sleep bolus of 40 g casein protein resulted in a large benefit of 

protein consumption on reactive strength index compared to an iso-energetic CHO control in 

young soccer athletes. This same study reported clear small to moderate benefits of pre-sleep 

protein compared to CHO on attenuating countermovement jump performance decrements (2). 

The discrepancy in age of participants between studies could explain differences in findings, 

though, due to differences in outcome measures, it is difficult to directly translate findings. West 

et al. reported small to moderate beneficial effects of 25 g whey protein blend compared to CHO 
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at 10-hr of recovery on peak isometric force of the knee extensors and moderate beneficial 

effects of protein on the same measure at 24-hr of recovery (174). As the present study also 

utilized MVC of the knee extensors as an outcome measures, these results are likely more 

translatable. However, there is still a discrepancy in findings of the benefit of pre-sleep protein 

between studies. While the age of participants was different in the present study compared to that 

of both West et al. and Abbott et al., the most likely explanation is the timing of exercise in 

relation to protein consumption. Both studies utilized night-time exercise, which resulted in pre-

sleep protein being ingested in close proximity to the bout of exercise. In contrast, the present 

study performed exercise in the morning, whereby the pre-sleep protein supplement was 

consumed hours away from exercise performance. In support of this claim, Apweiler et al. 

provided a 40 g bolus of pre-sleep protein (the same dose provided in the present study) or iso-

energetic CHO to young males and females following a morning bout (0730 – 0900) of 100 drop 

jumps and reported no benefit of pre-sleep protein on MIVC or CMJ for males, females, or all 

participants combined (7). The same age discrepancy is present with this study, yet the present 

study agrees with these findings of no benefit of pre-sleep protein during recovery from 

damaging exercise and not those of Abbott et al and West et al., which reported benefits of pre-

sleep protein on force production during the post-exercise recovery period. Similarly, there was 

the same difference in force measure, yet, the present study still agrees with Apweiler et al. and 

not Abbott et al. The difference, again, may be attributed to the exercise timing (morning vs. 

evening). 

Aging has been shown to alter muscle damage (96, 146) and the response to protein 

feeding (84, 134). Thus, studies examining muscle recovery effects of pre-sleep protein may not 

be translatable to older populations. Holwerda et al. provided a pre-sleep protein treatment 

containing 21 g of leucine enriched protein (21 g PRO, 9 g CHO, 3 g fat; 3 g total leucine) 

compared to an energy matched carbohydrate control (0 g PRO, 25 g CHO, 6 g fat) during 12 

weeks of whole-body resistance training in 41 older males. Resistance training was performed 3 

times per week between 0800 and 1100. While lean mass, quadriceps cross sectional area, type II 

fiber cross sectional area, and 1RM strength increased with training, there was no benefit of pre-

sleep protein supplementation compared to control (61). It should be noted that previous 

literature has shown 30 g casein protein nor 30 g casein protein with 2 g of additional leucine to 

be insufficient to increase MPS during the overnight period, suggesting an optimal dose of 40 g 
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for this time frame (169).  Thus, it is possible that the 21 g of leucine enriched protein was 

insufficient to notice benefit. However, the present study provided a larger bolus of pre-sleep 

protein yet did not notice a benefit compared to placebo. It should be noted that the mean age of 

participants in the present study was 55 ± 7 years, which was younger than that studied by 

Holwerda and colleagues. Nonetheless, the present study agrees with the findings of Holwerda et 

al. that pre-sleep protein does not seem to have a benefit for older populations when exercise is 

performed in the morning hours.   

It has been suggested that total daily protein consumption rather than protein timing may 

be the primary contributor to effects of protein on both muscle size and recovery (73). Following 

12 weeks of resistance training, muscle strength, quadriceps cross sectional area, and type II 

muscle fiber size increased to a greater extent compared to placebo when a protein supplement 

(27.5 g casein, 15 g carbohydrate) was consumed before sleep (155). However, in this study, the 

protein group consumed 1.9 ± 0.1 g/kg of protein compared to 1.3 ± 0.1 g/kg. Since groups 

consumed different total daily protein intakes, it is difficult to attribute the beneficial effects 

observed solely to the pre-sleep protein supplementation. The present study employed rigorous 

nutritional control which provided participants with catered meals. These meals were designed to 

provide 15% of their total daily intake from protein, inclusive of the pre-sleep supplement. This 

led to a mean intake of 1.08 g/kg, which is above the RDA for daily protein intake. Thus, it is 

possible that the lack of benefit from pre-sleep protein can be contributed to the daily intake of 

our participants. It has been suggested that the optimal range for protein intake in adults is 1.2 to 

1.6 g/kg (134). While percentage of total daily calories from protein is in range of what adults 

typically consume (13) and is suggested as the RDA, it is below the suggested optimal range.  

However, given the findings of the present study where muscle function was still reduced 

and soreness and plasma concentrations of CK still elevated at 72-hours, it is likely that the mean 

intake of 1.08 g/kg was insufficient for recovery in this population altogether. It is now known 

that the optimal daily protein intake is closer to 1.2 - 1.6 g/kg (134) or 1.4 – 2.0 g/kg (24). In the 

current study, nearly all muscle function outcomes were still reduced at 72-hours post-ECC, 

indicating muscle damage and, therefore, lack of recovery. It is possible that we missed the 

window to see recovery changes in this population, as our participants did not seem to recover 

fully within 72 hours. It could be that higher daily protein intakes than were provided are 

required to elicit muscle recovery. The standardized nutrition provided 15% of total calories, as 
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estimated via indirect calorimetry and adjusted with an activity factor of 1.375, from protein. 

This is in line with reported intakes for individuals of this age (13, 48). This suggests that the 

average middle-aged male consumes insufficient protein to elicit recovery benefits for up to 72 

hours following intense exercise. Future work should be completed in this population to 

determine optimal protein intake ranges for muscle recovery. While this is a viable argument for 

the lack of benefit of pre-sleep protein observed in the present study, it is more likely that the 

timing of exercise in relation to protein consumption is the primary factor. 

Of late, research is beginning to indicate time of training as an important factor for 

response to pre-sleep protein. Work examining pre-sleep protein utilizing night-time exercise, 

whereby the protein supplement is consumed in proximity to the training stimulus, has shown 

benefit (2, 142, 155, 174). West and colleagues examined the effects of 25 g of whey consumed 

immediately after an evening exercise session (20:00) and again the following morning 

compared to energy matched carbohydrate supplement. Protein improved 24-hour protein 

balance compared to placebo. Further, protein showed a moderate beneficial effect for MVC, 

repetitions to failure, and Wingate peak power (174). Additionally, Abbott and group provided 

40 g of casein protein or carbohydrate control, in a crossover design, to young male soccer 

players the night of a soccer competition (19:00). In the night-time protein group, 

countermovement jump and reactive strength index decrements were attenuated and muscle 

soreness was reduced compared to isocaloric carbohydrate during a 60 hour recovery period (2). 

However, the present study performed the exercise session in the morning, several hours prior to 

consumption of the pre-sleep protein which differs from West (174) and Abbott (2). Upon 

further review, it is becoming apparent that utilizing a morning exercise bout rather than night-

time exercise reduces or eliminates the effectiveness of pre-sleep protein on muscle recovery (7, 

61, 89). Apweiler et al. utilized 100 drop jumps to induce muscle damage in young males and 

females. A bolus of 40 g casein protein or carbohydrate control was consumed pre-sleep. While 

reductions in muscular performance following the bout of drop jumps was noted, indicating 

damage, no benefits were reported for protein consumption in the 48-hours following exercise. 

This finding was despite the protein group consuming greater total protein than the control group 

(7). Similarly, Larsen and group provided 0.5 g/kg of either pre-sleep whey protein isolate or 

carbohydrate to trained male runners for 1 week while performing 11 endurance training sessions 

performed in the morning and afternoon. Thus, protein supplementation was provided hours after 
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the training stimulus. Nutritional control was provided by the researchers and protein intake in 

both groups was set at 1.8 g/kg. No benefit was observed for time trial performance, training 

volume, or blood biomarkers between groups (89). The present study is in agreement with these 

studies showing no benefit of pre-sleep protein when protein is consumed hours away from the 

training stimulus, such as when exercise is performed in the morning. As these studies utilized 

younger populations, we can extend this concept to middle-aged males. Taken together, these 

studies support the notion that when exercise is performed in the morning, pre-sleep protein does 

not seem to have a benefit on muscle recovery or performance. The present study expands upon 

the current literature by indicating pre-sleep protein, regardless of source, does not have benefit 

when exercise is performed in the morning. Since prior evening exercise has been shown to 

augment amino acid incorporation into myofibrillar protein with pre-sleep protein consumption 

(168), it can be speculated that the lack of benefit with morning exercise can be, in part, 

attributed to reduced amino acid incorporation into skeletal muscle, though, this has not been 

examined. Additionally, it has yet to be determined what constitutes night-time exercise. Some 

athletic events and training sessions take place midday.  

 

5.1 Limitations 

The major limitation of the present study is the small sample size. While the intent was to recruit 

8 individuals per group, this study was discontinued early in order to preserve the health and 

safety of participants. To that end, not all 8 participants per group were recruited leaving the 

sample size underpowered which makes interpretation of the findings difficult. Additionally, 

procedures were put in place to ensure compliance of all participants to all study procedures. 

However, as these participants were human, it is not possible to say with 100% certainty that all 

study procedures were followed while participants were at their homes. Further, the standardized 

diet contained animal-based protein and was the same for all groups. Thus, individuals in the RP 

group consumed animal-based proteins as part of their standardized diet which may have altered 

our findings.  
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5.2 Conclusions 

The major take-aways from this research are that middle-aged men consuming reported average 

consumption of protein for the age group, which was above the current recommendation for 

daily protein intake, did not recover 72-hrs following damaging exercise. Pre-sleep protein, 

regardless of source, did not aid in muscle recovery when damaging exercise was performed in 

the morning. Intakes of greater than 1.08 g/kg are likely required to promote recovery. Active 

middle-aged men should consume additional protein, especially if performing exercise bouts 

which are novel or of unaccustomed intensity. Additionally, it appears that total daily protein 

consumption is of greater importance than protein timing when exercise is performed in the 

morning. Taken together, active, middle-aged men should first make sure to consume 

appropriate per day intakes of protein and to consume a protein meal in close proximity with 

their exercise sessions to promote muscle recovery. Further, it appears that the protocol used in 

the present study cannot be deemed safe for this population. While a similar ECC protocol has 

been cited as being effective at inducing muscle damage (163), it may lead to excessive damage 

and pursuant rhabdomyolysis in middle-aged men. Caution should be taken when designing 

muscle damaging protocols in this population.  

 

5.3 Future Directions 

Future studies should examine the effects of pre-sleep protein source in middle-aged men 

utilizing a greater daily intake of protein which more closely matches the optimal intake as 

described by other groups. Additionally, exercise timing seemingly contributes to the efficacy of 

pre-sleep protein supplementation, yet no study directly compares morning vs. night-time 

exercise with pre-sleep protein. Thus, all claims are merely speculative. Future studies should 

directly compare efficacy of pre-sleep protein with morning vs. night-time exercise. Little is 

known about what constitutes morning vs evening exercise, or the effects of mid-day training 

with pre-sleep protein. Future work should examine how much time between exercise stimulus 

and pre-sleep protein consumption elicits benefits. Additionally, future studies should compare 

other combinations of plant-based proteins to animal-derived proteins. Future work should 

examine the effects of plant-based protein combinations on training adaptations over time, both 

alone and compared to animal-derived proteins. Studies should utilize standardized nutrition 

meals void of animal-based protein as to determine the effects of consuming a diet void of 
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animal-based protein (i.e. vegan) compared to a diet with animal-based protein. Lastly, these 

studies should include enough participants to provide sufficient power to detect differences, 

should differences exist.  
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APPENDIX B 

INFORMED CONSENT 

 

 Permission to Take Part in a Human Research Study    

06/13/2019  

IRB Approval Date  

Title of research study: The effect of pre-sleep animal or plant-based protein 

consumption on muscle recovery following damaging exercise in middle-aged men  

Investigator: Patrick Saracino, Dr. Michael Ormsbee, Dr. Michael Sweeney 

Key Information: The following is a short summary of this study to help you decide 

whether or not to be a part of this study. More detailed information is listed later on in this form.  

Why am I being invited to take part in a research study?  
We invite you to take part in a research study to compare the effectiveness of animal- or plant-

based pre-sleep protein on muscle damage, metabolism, and performance following eccentric 

resistance exercise in middle-aged men.  

What should I know about a research study?  

• Someone will explain this research study to you.  

• Whether or not you take part is up to you.  

• You can choose not to take part.  

• You can agree to take part and later change your mind.  

• Your decision will not be held against you.  

• You can ask all the questions you want before you decide.  

Why is this research being done?  

The purpose of the study is to compare the effectiveness of animal- or plant-based pre-sleep 

protein on muscle damage, metabolism, and performance following eccentric resistance exercise 

in middle-aged men. Eccentric exercise is defined as exercise where the muscle lengthens under 

force.   

How long will the research last and what will I need to do?  

We expect that you will be in this research study for between 2 and 4 weeks (6 visits).  
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You will be asked to come to the Institute of Sports Sciences and Medicine to complete 

paperwork, questionnaires, and health history forms. You will also undergo testing for muscle 

function (power), muscle soreness, inflammation, metabolism, body composition, and sleep 

quality following a bout of eccentric exercise. You will be asked to consume food provided by 

the research team for a total of 5 days, as well as a supplement shake on 3 nights.   

More detailed information about the study procedures can be found under “What happens if I 

say yes, I want to be in this research?”  

Is there any way being in this study could be bad for me?  

Muscle soreness is common from novel exercise or exercise of higher intensity than what is 

accustomed. However, extreme muscle soreness can lead to hospitalization in some cases. Thus, 

this research can lead to hospitalization or injury. Infection or bruising is possible during blood 

sampling. DEXA scans emit small amounts of radiation.  

      

Page 1 of 7  

More detailed information about the risks of this study can be found under “Is there any way 

being in this study could be bad for me? (Detailed Risks)”  

Will being in this study help me in any way?  

We cannot promise any benefits to you or others from your taking part in this research. However, 

possible benefits include knowledge about how my body responds to the supplement protocol 

tested that may improve my muscular recovery and metabolism. With this knowledge I may be 

able to alter my supplementation or nutritional intakes to translate potential benefits seen in the 

study into my daily life.  Further, I will obtain information regarding power output for selected 

exercises, which may be helpful in designing future training protocols. Additionally, I will 

receive information regarding my metabolism.   

What happens if I do not want to be in this research?  

Participation in research is completely voluntary. You can decide to participate or not to 

participate.  

Your alternative to participating in this research study is to not participate.  

Detailed Information: The following is more detailed information about this study in 

addition to the information listed above.  

Who can I talk to?  
If you have questions, concerns, or complaints, or think the research has hurt you, talk to the 

research team at: Patrick Saracino 910-465-6406 (pgs16@my.fsu.edu) or Dr. Michael Ormsbee 

at (850) 6444793 (mormsbee@fsu.edu)    
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This research has been reviewed and approved by an Institutional Review Board (“IRB”). You 

may talk to them at 850-644-7900 or humansubjects@fsu.edu if:  

• Your questions, concerns, or complaints are not being answered by the research team.  

• You cannot reach the research team.  

• You want to talk to someone besides the research team.  

• You have questions about your rights as a research subject.  

• You want to get information or provide input about this research.  

How many people will be studied?  
We expect about 48 people will be in this research study out of 48 people in the entire study 

nationally   

What happens if I say “yes” to being in this research?  
If you agree and are eligible to participate in this study, we would ask you to do the following: 

Come to the Human Performance Laboratory in the Institute of Sports Sciences and Medicine at 

Florida State University to complete an informed consent document, a health history 

questionnaire, a physical activity readiness questionnaire, a physical activity questionnaire, an 

eligibility screening questionnaire, and a 3-day food log. I will also be asked to perform baseline 

testing for: resting metabolic rate, body composition, and anthropometrics (height and weight), 

fasted blood-sampling, perceived muscle soreness using a visual analogue scale, thigh 

circumference, maximal voluntary contraction of the leg muscles, and sleep assessment using 

fatigue science actigraphy bands (which  

will be worn for the remainder of the study). The actigraphy band measures things like 

movement to indicate sleep quality. It is worn on the wrist like a wristwatch. I will be asked to 

perform an eccentric exercise protocol on the Biodex dynamometer. The dynamometer is similar 

to a legs extension and legs flexion exercise machine that measures force at different speeds and 

angles. Following the eccentric exercise protocol, I will be asked to perform testing for: resting 

metabolic rate, blood sampling, perceived muscle soreness using a visual analogue scale, thigh 

circumference, and maximal voluntary contraction. I will be asked to consume a randomized 

supplement after the exercise session and on three nights: the night of the eccentric exercise and 

the following two nights. A total of 6 visits will be required: two familiarization trials, eccentric 

exercise protocol trial, and 3 experimental trials following the eccentric exercise. The 

experimental trials will be completed within a 3-day period. Each trial will last approximately 1 

– 2 hours, with the exception of the exercise day, which will last approximately 8 hours.  
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On the first visit, I will arrive to the laboratory in the morning between the hours of 0530 and 

0830 and complete the informed consent paperwork, medical history questionnaire, physical 

activity readiness questionnaire, and screening questions.       

By meeting these criteria, I will qualify for participation in this study and receive further 

instruction on details regarding upcoming experimental trials.  I will be required to complete a 3-

day dietary food and exercise log prior to the experimental trials. These logs should take 

approximately 1 hour to complete, in total. I will also be instructed to abstain from use of 

caffeine (12 hours) and alcohol (24 hours) prior to each trial.   

My first and second visits to the laboratory will serve as the familiarization to the experimental 

exercise trials. All details of the familiarization trials are explained below in detail under the 

experimental trials.  I will not receive a treatment supplement during the familiarization trial; 

however, all other specifications will be exactly the same as the experimental trials.  

Over the span of the study, I will be randomly assigned to receive one of the following 

treatments to be consumed post-eccentric exercise and pre-sleep: (1) 40g whey protein (WP); (2) 

40g rice and pea combination protein (RPC); (3) 40g MusclePep whey protein (MP); or (4) 

Placebo (PL).  The supplements will be provided in identical packages and consumed with 

350ml water, which will be provided in an opaque bottle.   

Visit 1, First familiarization trial, will occur one week prior to the experimental session. I will be 

asked to arrive at the laboratory in the fasted state between the hours of 0530 and 0830. Height 

and weight measurements will be taken. I will perform resting metabolic rate testing followed by 

body composition measurement using BodPod. You will be asked to wear tight fitting, athletic 

clothing and a cap over your hair while sitting in the BodPod. The testing will take about 5 to 10 

minutes. You will be asked to remain seated as still as possible during testing. Risks associated 

with BodPod testing are extremely minimal. Additionally, as part of your participation in this 

study, a DEXA scan will be performed. A DEXA is a type of x-ray used to measure bone 

strength. During this test, x-ray pictures of your body will measure how much fat and muscle are 

present.  You will lie flat on a table and a machine will take pictures of different areas of the 

body. This test will last about 15 minutes. The results of the DEXA scan for this study will not 

be shared with you.  However, you may request in writing from the principal investigator of this 

study that the results be sent to your physician. Measurement of total body water will be done 

using bioelectrical impedance analysis (BIA).  
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I will then be asked to perform isokinetic (legs extension and legs flexion exercises at a constant 

speed), eccentric, and isometric (exert force on the machine, but it does not move) maximal 

voluntary contractions of both limbs. I will perform a submaximal eccentric exercise protocol. I 

will also be asked to complete a 3-day dietary food log. I will also be asked to wear an 

actigraphy band to assess sleep and sleep quality for the remainder of the study  

Visit 2, Second familiarization trial, will be the same as familiarization trial 1 except body 

composition measurements will not be performed. All other testing will be the same during the 

second familiarization trial as the first. The food log will be collected. Food will be provided 

beginning 2 days prior to the exercise session, and I will be asked to consume only this food 

during the study as to standardize nutrition. Caloric needs will be calculated using the RMR data 

and adjusted for activity, which will be determined by an activity questionnaire.   

Visit 3, Eccentric exercise protocol experimental trial, will occur the week following the first 

familiarization.  I will arrive to the laboratory in the fasted state between the hours of 0530 and 

0830. I will perform resting metabolic rate testing as was performed during familiarization trials. 

I will then rate my baseline perceived muscle soreness using a visual analogue scale. I will then 

have baseline thigh circumference measurements taken two times. A blood sample (~10ml) will 

be collected from the antecubital space of my arm (the crease of the forearm) prior to performing 

the eccentric exercise protocol. The eccentric exercise protocol will consist of maximal unilateral 

eccentric knee extension and flexion on both legs for 5 sets of 15 repetitions at 60°/s on an 

isokinetic dynamometer. Two minutes of rest will be given between sets and 5 minutes between 

each leg. Following eccentric exercise, a second blood sample will be collected and I will be 

asked to consume the supplement to which I was assigned, or placebo. This will be consumed 

within 5 minutes. I will perform maximal voluntary contraction testing on the dominant limb.  I 

will perform resting metabolic rate testing 45 minutes following completion of the exercise 

protocol. I will then consume the provided standardized meal in the laboratory under supervision 

of the researchers two hours following completion of the exercise bout (+2 hours). Blood 

samples will be collected at +4 hours post-exercise and +6 hours post-exercise. I will perform 

maximal voluntary contraction following the +6 hours blood draw. I will be provided with a 

supplement packet and an opaque bottle with instructions on how to mix and consume prior to 

leaving the laboratory. I will record the time of consumption (30 minutes prior to sleep) on the 
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package after consuming the supplement. I will return the package and bottle to the researchers 

on each consecutive morning.   

Visits 4-6, post-exercise experimental trials, will occur in succession following the eccentric 

exercise protocol.  I will arrive to the laboratory in the fasted state between the hours of 0530 and 

0830. I will perform resting metabolic rate testing as was performed during familiarization trials. 

I will then perform a visual analogue scale to rate post-eccentric exercise perceived muscle 

soreness. I will perform a thigh circumference measurement on the dominant limb. A blood 

sample will be collected. Following blood collection, I will perform isokinetic and eccentric 

maximal voluntary contractions at angular velocities of 60°/s, 180°/s, and 300°/s and isometric 

maximal voluntary contractions at 60° of extension for both knee extension and flexion. I will be 

provided with a supplement packet and an opaque bottle with instructions on how to mix and 

consume prior to leaving the laboratory on visits 4 and 5. I will record the time of consumption 

(30 minutes prior to sleep) on the package after consuming the supplement. I will return the 

package and bottle to the researchers on each consecutive morning.  

Neither you nor the study doctor will know which treatment you are getting.   

What happens if I say “yes,” but I change my mind later?  
You can leave the research at any time. It will not be held against you.  

   

Is there any way being in this study could be bad for me? (Detailed 

Risks)  
The study has the following risks: I may experience an increased heart rate, sweat rate, muscle 

soreness, and fatigue related to maximal-effort eccentric exercise testing. Further, I may 

experience soreness, fatigue, or injury from the maximal-effort voluntary contraction exercise 

testing, especially if over 60 years of age. All protocols have been previously used in related 

studies. However, extreme muscle soreness can result in hospitalization, especially in those with 

sickle cell trait or sickle cell disease. It should be noted that infection and localized bruising and 

discomfort may be possible during blood sampling. Qualified research personnel will be present 

during all experimental trials to ensure that proper procedures are followed. All research 

personnel will be trained in the techniques and use of the equipment during all testing. 

Individuals trained in blood draws will perform all blood collection.  
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The risk of injury during the tests will be minimized by careful review of my medical history 

form.  My previous training questionnaire will be analyzed to determine that my current training 

has prepared me for the caliber of these tests.   

Body composition and bone mineral density will be evaluated by DXA that is prescribed and 

supervised by a medical doctor. This involves low exposure to radiation (less than 5 mREMs per 

DXA scan). Therefore, subjects undergoing the DXA scan can have a slightly increased cancer 

risk. By comparison, an x-ray of the spine is 70 mREM and a round trip transcontinental plane 

flight is 6 mREM.  

DEXA scans are commonly performed and considered safe. By participating in this study, you 

will receive 1 scan. During each scan, you are exposed to a very low amount of radiation. The 

amount of radiation per scan is less than one tenth of the amount used during a normal chest X-

ray and equivalent to one day of exposure to natural background radiation.  However, the effects 

of radiation add up over a lifetime. When deciding to enter this study, think about your past and 

future contact with radiation.  Examples of contact with radiation include x-rays taken for any 

reason or radiation therapy.  The amount of radiation used during a DXA scan is considered safe 

for adults but has not been determined to be safe for unborn babies.  If you are a female of 

childbearing potential, you will have a pregnancy test prior to performing the DEXA scan.  

What happens to the information collected for the research?  
Efforts will be made to limit the use and disclosure of your personal information, including 

research study and medical records, to people who have a need to review this information. We 

cannot promise complete secrecy. Organizations that may inspect and copy your information 

include the IRB and other representatives of this organization.   

The results of this study may be published but my name or identity will not be revealed.  

Information obtained during the course of the study will remain confidential to the extent 

required by law.  My name will not appear on any of the results.  No individual responses will be 

reported in publication, only group responses.  Confidentiality will be maintained by the 

assignment of a code number for each subject in which all data recorded will be based.  The only 

record containing both the participant’s name and code number will be kept by the principal 

investigator, Dr. Michael Ormsbee, in a locked drawer in his laboratory.  All records will be 

destroyed after a minimum of five years.  

Plasma obtained from blood sampling will be stored in a -80° storage freezer in the Institute of 

Sports Sciences and Medicine. Samples that are not used upon completion of the study will be 
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stored for potential use at a future date (up to 7 years). If identifiers are removed from your 

identifiable private information or identifiable samples that are collected during this research, 

that information or those samples could be used for future research studies or distributed to 

another investigator for future research studies without your additional informed consent.  

Can I be removed from the research without my OK?  
The person in charge of the research study or the sponsor can remove you from the research 

study without your approval. Possible reasons for removal include becoming aware of a 

condition which was described as an exclusion criterion.  

What else do I need to know?  
This research is being funded by Dymatize, Milk Specialties Global, and Puris  

If you need medical care because of taking part in this research study, contact the investigator 

and medical care will be made available. Generally, this care will be billed to you, your 

insurance, or other third party. Florida State University has no program to pay for medical care 

for research-related injury.   

If you agree to take part in this research study, we will pay you $100 for your time and effort.   
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Signature Block for Capable 

Adult Your signature documents your permission to take part in this 

research.  

      

 
 Signature of subject   Date  

  

  
Printed name of subject  

      

 
 Signature of person obtaining consent   Date  

   06/13/2019  

 
 Printed name of person obtaining consent   IRB Approval Date  

[Add the following block if a witness will observe the consent process. E.g., short form of consent 

documentation or illiterate subjects.] My signature below documents that the information in the consent 
document and any other written information was accurately explained to, and apparently understood by, the 
subject, and that consent was freely given by the subject.  

      

 
 Signature of witness to consent process   Date  

  

  
Printed name of person witnessing consent process  
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APPENDIX C 

HEALTH HISTORY QUIESTIONNAIRE 

 

 
   

       

 

 

 

Animal vs. Plant Protein on Muscle Recovery 

 

Health and Exercise Sciences Department and Human Performance Laboratory  
 Pgs16@my.fsu.edu ~ 910-465-6406 Tallahassee, FL 32306 

   

 

 

Date:  __________        ID #:  __________ 

 

Health & Fitness History 

 

 

The purpose of this form is to assess your past and current health and fitness status so that investigators 

may be aware of any risks or predispositions you have towards injury and disease.  Please answer the 

questions as honestly and as accurately as possible. 

 

1. Have you ever been diagnosed as having any of the following and if yes, how are you currently treating 

the condition? 

 

 Y  N High Blood Pressure 

   Please indicate last known reading: 

    Blood pressure: _____/_____ 

 

 Y  N High Cholesterol or High Triglycerides 

   Please indicate last known reading: 

    Cholesterol: _____ 

    Triglycerides: _____ 
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 Y N Diabetes (Circle: Type 1  or  Type 2)  

Note: Type 1 diabetes is insulin-dependent diabetes mellitus. It is typically diagnosed at 

an early age and requires insulin shots or an insulin pump immediately upon diagnosis.  

Type 2 diabetes is often diagnosed at an older age (past age 20) and is usually initially 

treated with changes in diet and/or medication (pills). 

 

 Y N Hypoglycemia (low blood sugar) 

 

 Y N Asthma 

 

2. Have you ever had a glucose tolerance test? Y N 

If yes, what were the results? 

 

 

3. Have you ever had a fasting blood sugar test? Y N 

If yes, what were the results? 

 

 

4. Does anyone in your family (immediate family including your grandparents) have a history of 

cardiovascular disease (heart attacks, stroke, etc.)? Please explain: 

 

 

5. Do you have any neurological problems including fainting, dizziness, headaches or seizures? 

 

6. Do you have any orthopedic or other health problems that may affect your ability to perform exercise? 

If yes, please explain: 

 

 

7. Do you smoke or use smokeless tobacco? 

 

8. Do you drink coffee or other caffeinated beverages?  Y  N What kind, how much and how 

often? 
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9. Please list all vitamins, minerals and herbs and other nutritional supplements as well as medications 

you are currently taking: 

10. Do you have any food allergies or intolerances (e.g., allergic to dairy or lactose intolerance)? Please 

describe: 

 

 

 

11. How would you describe the type of diet you currently eat?  Have you recently been on any special 

diets?  What kinds of diets have you used to lose weight or lower cholesterol?  Please list and describe: 

 

 

 

12. What changes have you made in your diet in the last 6 months? 

 

 

13. Do you exercise regularly? Y N What kinds of exercise? 

 

How often? 

 

Please describe how much walking you do on a daily basis: 

 

 

14. How does your current exercise and physical activity compare to 6 months ago?  1 year ago? 

 

 

15. Have you had a physical exam in the past 2 years?  Y N Please describe your assessment 

of your overall health: 

 

 

 

16. Have you ever been diagnosed with sickle cell or sickle cell trait? Y N 
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APPENDIX D 

MUSCLE SORENESS VISUAL ANALOGUE SCALE 

 

Muscle Soreness Visual Analogue Scale 

 

Participant:        Trial:     

 

Date:          Time:     

 

 

 

On the line below, please make a vertical line indicating your perceived soreness in your leg 

muscles. The left would indicate no soreness at all while the right would indicate extreme 

soreness, or the worst soreness you have experienced.  

 

 

 

  

0 

“No 

100 

“Extreme 

Soreness” 



78 

REFERENCES 

1.  Abaidia A-E, Lamlin J, Delecroix B, Leduc C, McCall A, Nedelec M, Dawson B, 
Baquet G, Dupont G. Recovery from exercise-induced muscle damage: cold water 
immersion versus whole 1 body cryotherapy. Int J Sports Physiol Perform , 2016. 

2.  Abbott W, Brett A, Cockburn E, Clifford T. Presleep Casein Protein Ingestion 
Acceleration of Functional Recovery in Professional Soccer Players. Int J Sports Physiol 

Perform 14: 385–391, 2019. 

3.  Del Aguila LF, Krishnan RK, Ulbrecht JS, Farrell PA, Correll PH, Lang CH, 
Zierath JR, Kirwan JP. Muscle damage impairs insulin stimulation of IRS-1, PI 3-
kinase, and Akt-kinase in human skeletal muscle Muscle damage impairs insulin 
stimulation of IRS-1, PI 3-kinase, and Akt-kinase in human skeletal muscle. Am J Physiol 

Endocrinol Metab 279: E206-212, 2000. 

4.  Aminiaghdam S, Baturak K, Panahi PM. The Effects of BCAA Supplementation on 
Muscle Damage Following a Lower-Body Resistance Exercise Bout in Soccer Players. 
Footb Sci 9: 62–69, 2012. 

5.  Anthony JC, Yoshizawa F, Anthony TG, Vary TC, Jefferson LS, Kimball SR. 
Leucine Stimulates Translation Initiation in Skeletal Muscle of Postabsorptive Rats via a 
Rapamycin-Sensitive Pathway 1. J. Nutr. . 

6.  Antonio J, Ellerbroek A, Peacock C, Silver T. Casein Protein Supplementation in 
Trained Men and Women: Morning versus Evening. Int J Exerc Sci 10: 479–486, 2017. 

7.  Apweiler E, Wallace D, Stansfield S, Allerton D, Brown M, Stevenson E, Clifford T. 
Pre-Bed Casein Protein Supplementation Does Not Enhance Acute Functional Recovery 
in Physically Active Males and Females When Exercise is Performed in the Morning. 
Sports 7, 2019. 

8.  Areta L, Burke LM, Ross ML, Camera DM, West DWD, Broad EM, Jeacocke NA, 
Moore DR, Stellingwerff T, Phillips SM, Hawley JA, Coffey VG. Timing and 
distribution of protein ingestion during prolonged recovery from resistance exercise alters 
myofibrillar protein synthesis. J Physiol 9: 2319–2331, 2013. 

9.  Arikawa AY, Thomas W, Schmitz KH, Kurzer MS. Sixteen weeks of exercise reduces 
C-reactive protein levels in young women. Med Sci Sports Exerc 43: 1002–1009, 2011. 

10.  Baird MF, Graham SM, Baker JS, Bickerstaff GF. Creatine-kinase- and exercise-
related muscle damage implications for muscle performance and recovery. J Nutr Metab 
2012, 2012. 

11.  Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, Phillips S, 
Sieber C, Stehle P, Teta D, Visvanathan R, Volpi E, Boirie Y. Evidence-based 
recommendations for optimal dietary protein intake in older people: A position paper from 
the prot-age study group. J Am Med Dir Assoc 14: 542–559, 2013. 

12.  Belcastro AN, Shewchuk LD, Raj DA. Exercise-induced muscle injury : A calpain 
hypothesis. Mol Cell Biochem 179: 135–145, 1998. 

13.  Berryman CE, Lieberman HR, Fulgoni VL, Pasiakos SM. Protein intake trends and 
conformity with the Dietary Reference Intakes in the United States: Analysis of the 
National Health and Nutrition Examination Survey, 2001-2014. Am J Clin Nutr 108: 405–



79 

413, 2018. 

14.  Blomstrand E, Hassmen P, Ek S, Ekblom B, Newsholme EA. Influence of ingesting a 
solution of branched-chain amino acids on perceived exertion during exercise. Acta 

Physiol Scand 159: 41–49, 1997. 

15.  Breen L, Phillips SM. Interactions between exercise and nutrition to prevent muscle 
waste during ageing. Br J Clin Pharmacol 75: 708–715, 2012. 

16.  Broholm C, Laye MJ, Brandt C, Vadalasetty R, Pilegaard H, Pedersen BK, Scheele 

C. LIF is a contraction-induced myokine stimulating human myocyte proliferation. J Appl 

Physiol 111: 251–259, 2011. 

17.  Brown MA, Stevenson EJ, Howatson G. Whey protein hydrolysate supplementation 
accelerates recovery from exercise-induced muscle damage in females. Appl Physiol Nutr 

Metab 43: 324–330, 2018. 

18.  Brown SJ, Child RB, Day SH, Donnelly AE. Exercise-induced skeletal muscle damage 
and adaptation following repeated bouts of eccentric muscle contractions. J Sports Sci 15: 
215–222, 1997. 

19.  Brull DJ, Serrano N, Zito F, Jones L, Montgomery HE, Rumley A, Sharma P, Lowe 

GDO, World MJ, Humphries SE, Hingorani AD. Human CRP Gene Polymorphism 
Influences CRP Levels: Implications for the Prediction and Pathogenesis of Coronary 
Heart Disease. Arterioscler Thromb Vasc Biol 23: 2063–2069, 2003. 

20.  Bruunsgaard H. Physical activity and modulation of systemic low-level inflammation. J 

Leukoc Biol 78: 819–835, 2005. 

21.  Buckley JD, Thomson RL, Coates AM, Howe PRC, DeNichilo MO, Rowney MK. 
Supplementation with a whey protein hydrolysate enhances recovery of muscle force-
generating capacity following eccentric exercise. J Sci Med Sport 13: 178–181, 2008. 

22.  Burd NA, Yang Y, Moore DR, Tang JE, Tarnopolsky MA, Phillips SM. Greater 
stimulation of myofibrillar protein synthesis with ingestion of whey protein isolate v. 
micellar casein at rest and after resistance exercise in elderly men. Br J Nutr 108: 958–
962, 2012. 

23.  Burnley ECD, Olson AN, Sharp RL, Baier SM, Alekel DL. Impact of Protein 
Supplements on Muscle Recovery After Exercise-induced Muscle Soreness. J Exerc Sci 

Fit 8: 89–96, 2010. 

24.  Campbell B, Kreider R, Ziegenfuss T, La Bounty P, Roberts M, Burke D, Landis J, 
Lopez H, Antonio J. International Society of Sports Nutrition position stand: protein and 
exercise. J Int Soc Sports Nutr 4, 2007. 

25.  Candow DG, Chilibeck PD, Facci M, Abeysekara S, Zello GA. Protein 
supplementation before and after resistance training in older men. Eur J Appl Physiol 97: 
548–556, 2006. 

26.  Chernoff R. Protein and Older Adults. J Am Coll Nutr 23: 627S-630S, 2004. 

27.  Clarkson PM, Hubal MJ. Exercise-induced muscle damage in humans. Am J Phys Med 

Rehabil 81: S52–S69, 2002. 

28.  Clarkson PM, Sayers SP. Etiology of exercise-induced muscle damage. Can J Appl 



80 

Physiol 24, 1999. 

29.  Cleak MJ, Eston RG. Muscle soreness, swelling, stiffness and strength loss after intense 
eccentric exercise. Br J Sports Med 26: 267–272, 1992. 

30.  Cockburn E, Bell PG, Stevenson E. Effect of milk on team sport performance after 
exercise-induced muscle damage. Med Sci Sports Exerc 45: 1585–1592, 2013. 

31.  Cockburn E, Hayes PR, French DN, Stevenson E, St Clair Gibson A. Acute milk-
based protein-CHO supplementation attenuates exercise-induced muscle damage. Appl 

Physiol Nutr Metab 33: 775–783, 2008. 

32.  Cooke MB, Rybalka E, Stathis CG, Cribb PJ, Hayes A. Whey protein isolate 
attenuates strength decline after eccentrically-induced muscle damage in healthy 
individuals. J Int Soc Sports Nutr 7, 2010. 

33.  Coombes JS, Mcnaughton L. Effects of branched-chain amino acid supplementation on 
serum creatine kinase and lactate dehydrogenase after prolonged exercise. J Sports Med 

Phys Fitness 40: 240–246, 2000. 

34.  Crameri RM, Aagaard P, Qvortrup K, Langberg H, Olesen J, Kjaer M. Myofibre 
damage in human skeletal muscle: effects of electrical stimulation versus voluntary 
contraction. J Physiol 583: 365–380, 2007. 

35.  Donini LM, Savina C, Cannella C. Eating Habits and Appetite Control in the Elderly: 
The Anorexia of Aging. Int. Psychogeriatrics 15: 73–87, 2003. 

36.  Ebbeling CB, Clarkson PM. Exercise-Induced Muscle Damage and Adaptation. Sport 

Med 7: 207–234, 1989. 

37.  Eddens L, Browne S, Stevenson E, Sanderson B, van Someren K, Howatson K. The 
efficacy of protein supplementation during recovery from muscle-damaging concurrent 
exercise. Appl. Physiol. Nutr. Metab. (2017). doi: 10.1111/ijlh.12426. 

38.  Etheridge T, Philp A, Watt PW. A single protein meal increases recovery of muscle 
function following an acute eccentric exercise bout. Appl Physiol Nutr Metab 33: 483–
488, 2008. 

39.  Evans W, Cannon J. The Metabolic Effects of Exercise Induced Muscle Damage. Exerc 

Sport Sci : 99–125, 1991. 

40.  FAO. Report of an FAO Expert Consultation: Dietary protein quality evaluation in 

human nutrition. 2013. 

41.  Farup J, Rahbek SK, Knudsen IS, De Paoli F, Mackey AL, Vissing K. Whey protein 
supplementation accelerates satellite cell proliferation during recovery from eccentric 
exercise. Amino Acids 46: 2503–2516, 2014. 

42.  Ferrucci L, Corsi A, Lauretani F, Bandinelli S, Bartali B, Taub DD, Guralnik JM, 
Longo DL. The origins of age-related proinflammatory state. Blood 105: 2294–2299, 
2005. 

43.  Flakoll PJ, Judy T, Flinn K, Carr C, Flinn S. Postexercise protein supplementation 
improves health and muscle soreness during basic military training in marine recruits. J 

Appl Physiol 96: 951–956, 2004. 

44.  Fonseca L, Brito C, Silva R, Silva-Grigoletto M, Monteiro da Silva Jr. W, Franchini 



81 

E. Cold water immersion muscle recovery jui jitsu atheltes. J Athl Training2 51: 540–549, 
2016. 

45.  Friden J, Lieber R. Structural and mechanical basis of exercise induced muscle injury. 
Med. Sci. Sport. Exerc. 24: 521–530, 1992. 

46.  Fridén J, Sjöström M, Ekblom B. A morphological study of delayed muscle soreness. 
Experientia 37: 506–507, 1981. 

47.  Fridén J, Sjöström M, Ekblom B. Myofibrillar Damage Following Intense Eccentric 
Exercise in Man. Int J Sports Med 04: 170–176, 1983. 

48.  Fulgoni VL. Current protein intake in America: Analysis of the National Health and 
Nutrition Examination Survey, 2003-2004. Am J Clin Nutr 87, 2008. 

49.  Gorissen SHM, Crombag JJR, Senden JMG, Waterval WAH, Bierau J, Verdijk LB, 
van Loon LJC. Protein content and amino acid composition of commercially available 
plant ‑ based protein isolates. Amino Acids 50: 1685–1695, 2018. 

50.  Green MS, Corona BT, Doyle JA, Ingalls CP. Carbohydrate-protein drinks do not 
enhance recovery from exercise-induced muscle injury. Int J Sport Nutr Exerc Metab 18: 
1–18, 2008. 

51.  Green MS, Doyle JA, Ingalls CP, Benardot D, Rupp JC, Corona BT. Adaptation of 
insulin-resistance indicators to a repeated bout of eccentric exercise in human skeletal 
muscle. Int J Sport Nutr Exerc Metab 20: 181–190, 2010. 

52.  Greer BK, Woodard JL, White JP, Arguello EM, Haymes EM. Branched-chain amino 
acid supplementation and indicators of muscle damage after endurance exercise. Int J 

Sport Nutr Exerc Metab 17: 595–607, 2007. 

53.  Groen BBL, Res PT, Pennings B, Hertle E, Senden JMG, Saris WHM, van Loon 

LJC. Intragastric protein administration stimulates overnight muscle protein synthesis in 
elderly men. AJP Endocrinol Metab 302: E52–E60, 2012. 

54.  Hansen M, Bangsbo J, Jensen J, Bibby BM, Madsen K. Effect of Whey Protein 
Hydrolysate on Performance and Recovery of Top-Class Orienteering Runners. Int J Sport 

Nutr Exerc Metab 25: 97–109, 2015. 

55.  Hartman JW, Tang JE, Wilkinson SB, Tarnopolsky MA, Lawrence RL, Fullerton A 

V., Phillips SM. Consumption of fat-free fluid milk after resistance exercise promotes 
greater lean mass accretion than does consumption of soy or carbohydrate in young, 
novice, male weightlifters. Am J Clin Nutr 86: 373–381, 2007. 

56.  Hesselink MK, Kuipers H, Geurten P, Van Straaten H. Structural muscle damage and 
muscle strength after incremental number of isometric and forced lengthening 
contractions. J Muscle Res Cell Motil 17: 335–341, 1996. 

57.  Hicks KM, Onambélé GL, Winwood K, Morse CI. Muscle Damage following Maximal 
Eccentric Knee Extensions in Males and Females. PLoS One 11: 1–18, 2016. 

58.  Hill A. The heat of shortening and the dynamic constants of muscle. Proc R Soc London 
126: 136–195, 1938. 

59.  Hill A. The effect of load on the heat of shortening of muscle. Proc R Soc London 159: 
297–318, 1964. 



82 

60.  Hoffman JR, Ratamess NA, Tranchina CP, Rashti SL, Kang J, Faigenbaum AD. 
Effect of protein-supplement timing on strength, power, and body-composition changes in 
resistance-trained men. Int J Sport Nutr Exerc Metab 19: 172–185, 2009. 

61.  Holwerda AM, Overkamp M, Paulussen KJM, Smeets JSJ, Van Kranenburg J, 
Backx EMP, Gijsen AP, Goessens JPB, Verdijk LB, Van Loon LJC. Protein 
Supplementation after Exercise and before Sleep Does Not Further Augment Muscle Mass 
and Strength Gains during Resistance Exercise Training in Active Older Men. J Nutr 148: 
1723–1732, 2018. 

62.  Houston DK, Nicklas BJ, Ding J, Harris TB, Tylavsky FA, Newman AB. Dietary 
protein intake is associated with lean mass change in older, community-dwelling adults : 
the Health , Aging, and Body Composition ( Health ABC ) Study 1 – 3. Am J Clin Nutr 
87: 150–155, 2008. 

63.  Howatson G, Hoad M, Goodall S, Tallent J, Bell PG, French DN. Exercise-induced 
muscle damage is reduced in resistance-trained males by branched chain amino acids: a 
randomized, double-blind, placebo controlled study. J Int Soc Sports Nutr 9, 2012. 

64.  Howatson G, van Someren KA. Evidence of a contralateral repeated bout effect after 
maximal eccentric contractions. Eur J Appl Physiol 101: 207–214, 2007. 

65.  Hulmi JJ, Laakso M, Mero AA, Häkkinen K, Ahtiainen JP, Peltonen H. The effects 
of whey protein with or without carbohydrates on resistance training adaptations. J Int Soc 

Sports Nutr 12: 48, 2015. 

66.  Huxley AF. Muscular Contraction. J Physiol 243: 1–43, 1974. 

67.  Huxley AF, Niedergerke R. Structural changes in muscle during contraction: 
Interference microscopy of living muscle fibres. Nature 173: 971–973, 1954. 

68.  Huxley H, Hanson J. Changes in the cross-striations of muscle during contraction and 
stretch and their structural interpretation. Nature. . 

69.  Huxley HE. Fifty years of muscle and the sliding filament hypothesis. Eur J Biochem 
271: 1403–1415, 2004. 

70.  Jackman SR, Witard OC, Jeukendrup AE, Tipton KD. Branched-chain amino acid 
ingestion can ameliorate soreness from eccentric exercise. Med Sci Sports Exerc 42: 962–
970, 2010. 

71.  Jackman SR, Witard OC, Philp A, Wallis GA, Baar K, Tipton KD. Branched-Chain 
Amino Acid Ingestion Stimulates Muscle Myofibrillar Protein Synthesis following 
Resistance Exercise in Humans. Front Physiol 8, 2017. 

72.  Jones DA, Newham DJ, Clarkson PM. Skeletal muscle stiffness and pain following 
eccentric exercise of the elbow flexors. Pain 30: 233–242, 1987. 

73.  Joy JM, Vogel RM, Shane Broughton K, Kudla U, Kerr NY, Davison JM, Wildman 

REC, DiMarco NM. Daytime and nighttime casein supplements similarly increase 
muscle size and strength in response to resistance training earlier in the day: A preliminary 
investigation. J Int Soc Sports Nutr 15: 1–9, 2018. 

74.  Katsanos CS, Kobayashi H, Sheffield-Moore M, Aarsland A, Wolfe RR. A high 
proportion of leucine is required for optimal stimulation of the rate of muscle protein 



83 

synthesis by essential amino acids in the elderly. AJP Endocrinol Metab 291: E381–E387, 
2006. 

75.  Kerasioti E, Stagos D, Jamurtas A, Kiskini A, Koutedakis Y, Goutzourelas N, 
Pournaras S, Tsatsakis AM, Kouretas D. Anti-inflammatory effects of a special 
carbohydrate-whey protein cake after exhaustive cycling in humans. Food Chem Toxicol 
61: 42–46, 2013. 

76.  Kim J-S, Ugrinowitsch C, Craig BW. Post-Eccentric Exercise Blunted hGH Response. 
Int J Sports Med 31: 95–100, 2010. 

77.  Kim J, Lee J. The relationship of creatine kinase variability with body composition and 
muscle damage markers following eccentric muscle contractions. J Exerc Nutr Biochem 6: 
123–129, 2015. 

78.  Kinsey AW, Cappadona SR, Panton LB, Allman BR, Contreras RJ, Hickner RC, 
Ormsbee MJ. The effect of casein protein prior to sleep on fat metabolism in obese men. 
Nutrients 8: 1–15, 2016. 

79.  Kirby TJ, Triplett NT, Haines TL, Skinner JW, Fairbrother KR, McBride JM. 
Effect of leucine supplementation on indices of muscle damage following drop jumps and 
resistance exercise. Amino Acids 42: 1987–1996, 2012. 

80.  Kirwan JP, Hickner RC, Yarasheski KE, Kohrt WM, Wiethop B V, Holloszy JO. 
Eccentric exercise induces transient insulin resistance in healthy individuals. J Appl 

Physiol 72: 2197–2202, 1992. 

81.  Kleiven, Bjørkavoll-Bergseth M, Melberg T, Skadberg, Bergseth R, Selvåg J, 
Auestad B, Aukrust P, Aarsland T, Ørn S. High physical fitness is associated with 
reduction in basal- and exercise-induced inflammation. Scand J Med Sci Sport 28: 172–
179, 2018. 

82.  Koch AJ, Pereira R, Machado M. The creatine kinase response to resistance exercise. J 

Musculoskelet Neuronal Interact 14: 68–77, 2014. 

83.  Komulainen J, Koskinen SOA, Kalliokoski R, Takala TES. Gender differences in 
skeletal muscle ® bre damage after eccentrically biased downhill running in rats. Acta 

Physiol Scand 165: 57–63, 1999. 

84.  Koopman R, Van Loon LJC. Aging, exercise, and muscle protein metabolism. J Appl 

Physiol 106: 2040–2048, 2009. 

85.  Krishnan RK, Evans WJ, Kirwan JP. Impaired substrate oxidation in healthy elderly 
men after eccentric exercise. J Appl Physiol 94: 716–723, 2003. 

86.  Krok-Schoen JL, Archdeacon Price A, Luo M, Kelly OJ, Taylor CA. Low Dietary 
Protein Intakes and Associated Dietary Patterns and Functional Limitations in an Aging 
Population: A NHANES Analysis. J Nutr Heal Aging 23: 338–347, 2019. 

87.  Kullman E, Campbell W, Krishnan R, Yarasheski K, Evans W, Kirwan J. Age 
Attenuates Leucine Oxidation after Eccentric Exercise. Int J Sports Med 34, 2013. 

88.  Lands LC, Iskandar M, Beaudoin N, Meehan B, Dauletbaev N, Berthiuame Y. 
Dietary supplementation with pressurized whey in patients with cystic fibrosis Lands 
2010.PDF. J Med Food 13: 77–82, 2010. 



84 

89.  Larsen MS, Clausen D, Jørgensen AA, Mikkelsen UR, Hansen M. Presleep Protein 
Supplementation Does Not Improve Recovery During Consecutive Days of Intense 
Endurance Training: A Randomized Controlled Trial. Int. J. Sport Nutr. Exerc. Metab. 
(2019). doi: 10.1123/ijsnem.2018-0286. 

90.  MacIntyre DL, Reid WD, McKenzie DC. Delayed muscle soreness. The inflammatory 
response to muscle injury and its clinical implications. Sport Med 20: 24–40, 1995. 

91.  MacIntyre DL, Sorichter S, Mair J, Berg  a, McKenzie DC. Markers of inflammation 
and myofibrillar proteins following eccentric exercise in humans. Eur J Appl Physiol 84: 
180–186, 2001. 

92.  Macnaughton LS, Wardle SL, Witard OC, McGlory C, Hamilton DL, Jeromson S, 
Lawrence CE, Wallis GA, Tipton KD. The response of muscle protein synthesis 
following whole-body resistance exercise is greater following 40 g than 20 g of ingested 
whey protein. Physiol Rep 4, 2016. 

93.  Madzima TA, Panton LB, Fretti SK, Kinsey AW, Ormsbee MJ. Night-time 
consumption of protein or carbohydrate results in increased morning resting energy 
expenditure in active college-aged men. Br J Nutr 111: 71–7, 2014. 

94.  Malm C, Nyberg P, Engstr M, Sj B, Lenkei R, Ekblom B, Lundberg I. Immunological 
changes in human skeletal muscle and blood after eccentric exercise and multiple 
biopsies. J Physiol 529: 243–262, 2000. 

95.  Mamerow MM, Mettler JA, English KL, Casperson SL, Arentson-Lantz E, 
Sheffield-Moore M, Layman DK, Paddon-Jones D. Dietary protein distribution 
positively influences 24-h muscle protein synthesis in healthy adults. J Nutr 144: 876–80, 
2014. 

96.  Manfredi TG, Fielding RA, O’Reilly KP, Meredith CN, Lee HY, Evans WJ. Plasma 
creatine kinase activity and exercise-induced muscle damage in older men. Med Sci Sport 

Exerc 23: 1028–1034, 1991. 

97.  Margaritelis N V., Theodorou AA, Baltzopoulos V, Maganaris CN, Paschalis V, 
Kyparos A, Nikolaidis MG. Muscle damage and inflammation after eccentric exercise: 
Can the repeated bout effect be removed? Physiol Rep 3, 2015. 

98.  Maruyama K, Sawada H, Kimura S, Ohashi K, Higuchi H, Umazume Y. Connectin 
filaments in stretched skinned fibers of frog skeletal muscle. J Cell Biol 99: 1391–1397, 
1984. 

99.  Matsumoto K, Koba T, Hamada K, Sakurai M, Higuchi T, Miyata H. Branched-chain 
amino acid supplementation attenuates muscle soreness, muscle damage and inflammation 
during an intensive training program. J Sports Med Phys Fitness 49: 424–431, 2009. 

100.  McHugh MP. Recent advances in the understanding of the repeated bout effect: the 
protective effect against muscle damage from a single bout of eccentric exercise. Scand J 

Med Sci Sport 13: 88–97, 2003. 

101.  McHugh MP, Tetro DT. Changes in the relationship between joint angle and torque 
production associated with the repeated bout effect. J Sports Sci 21: 927–932, 2003. 

102.  Meneghel A, Verlengia R, Crisp A, Aoki M, Nosaka K, Da Mota G, Lopes C. Muscle 
damage of resistance-trained men after two bouts of eccentric bench press exercise. J 



85 

Strength Cond Res 28: 2961–2966, 2014. 

103.  Miles MP, Pearson SD, Andring JM, Kidd JR, Volpe SL. Effect of carbohydrate intake 
during recovery from eccentric exercise on interleukin-6 and muscle-damage markers. Int 

J Sport Nutr Exerc Metab 17: 507–520, 2007. 

104.  Moberg M, Apró W, Ekblom B, van Hall G, Holmberg H-C, Blomstrand E. 
Activation of mTORC1 by leucine is potentiated by branched-chain amino acids and even 
more so by essential amino acids following resistance exercise. Am J Physiol - Cell 

Physiol 310: C874–C884, 2016. 

105.  Moberg M, Apró W, Ohlsson I, Pontén M, Villanueva A, Ekblom B, Blomstrand E. 
Absence of leucine in an essential amino acid supplement reduces activation of mTORC1 
signalling following resistance exercise in young females. Appl Physiol Nutr Metab 39: 
183–194, 2014. 

106.  Morgan DL. New insights into the behavior of muscle during active lengthening. Biophys 

J 57: 209–221, 1990. 

107.  Morley JE. Decreased food intake with aging. J Gerontol A Biol Sci Med Sci 56 Spec No: 
81–8, 2001. 

108.  Newham DJ, Jones DA, Edwards RHT. Large delayed plasma creatine kinase changes 
after stepping exercise. Muscle Nerve 6: 380–385, 1983. 

109.  Newham DJ, McPhail G, Mills KR, Edwards RHT. Ultrastructural changes after 
concentric and eccentric contractions of human muscle. J Neurol Sci 61: 109–122, 1983. 

110.  Newton MJ, Morgan GT, Sacco P, Chapman DW, Nosaka K. Comparison of 
responses to strenuous eccentric exercise of the elbow flexors between resistance-trained 
and untrained men. J Strength Cond Res 22: 597–607, 2008. 

111.  Nielsen AR, Mounier R, Plomgaard P, Mortensen OH, Penkowa M, Speerschneider 

T, Pilegaard H, Pedersen BK. Expression of interleukin-15 in human skeletal muscle - 
effect of exercise and muscle fibre type composition. J Physiol 584: 305–312, 2007. 

112.  Nieman DC, Davis JM, Henson DA, Walberg-Rankin J, Shute M, Dumke CL, Utter 

AC, Vinci DM, Carson JA, Brown A, Lee WJ, McAnulty SR, McAnulty LS. 
Carbohydrate ingestion influences skeletal muscle cytokine mRNA and plasma cytokine 
levels after a 3-h run. J Appl Physiol 94: 1917–1925, 2003. 

113.  Nosaka, Kazunori, Clarkson PM. Changes in indicators of inflammation after eccentric 
exercise of the elbow flexors. Med Sci Sport Exerc 28: 953–961, 1996. 

114.  Nosaka K, Clarkson PM. Variability in Serum Creatine Kinase Response After Eccentric 
Exercise of the Elbow Flexors. Int J Sports Med 17: 120–127, 1996. 

115.  Nosaka K, Newton M, Sacco P. Delayed-onset muscle soreness does not reflect the 
magnitude of eccentric exercise-induced muscle damage. Scand J Med \& Sci Sport 12: 
337–346, 2002. 

116.  Nosaka K, Sakamoto K, Newton M, Sacco P. How long does the protective effect on 
eccentric exercise-induced muscle damage last? Med Sci Sport Exerc 33: 1490–1495, 
2001. 

117.  Nosaka K, Sakamoto K, Newton M, Sacco P. The repeated bout effect of reduced load 



86 

eccentric exercise on elbow flexor muscle damage. Eur J Appl Physiol 85: 34–40, 2001. 

118.  O’Fallon KS, Kaushik D, Michniak-Kohn B, Dunne CP, Zambraski EJ, Clarkson 

PM. Effects of quercetin supplementation on markers of muscle damage and 
inflammation after eccentric exercise. Int J Sport Nutr Exerc Metab 22: 430–437, 2012. 

119.  O’Reilly K, Warhol MJ, Fielding RA, Frontera WR, Meredith CN, Evans WJ, Kevin 

P. Eccentric exercise-induced muscle damage impairs muscle glycogen repletion 
Eccentric exercise-induced muscle damage impairs muscle glycogen repletion. J Appl 

Physiol : 252–256, 1987. 

120.  Ormsbee MJ, Kinsey AW, Eddy WR, Madzima TA, Arciero PJ, Figueroa A, Panton 

LB. The influence of nighttime feeding of carbohydrate or protein combined with exercise 
training on appetite and cardiometabolic risk in young obese women. Appl Physiol Nutr 

Metab 9: 1–9, 2015. 

121.  Ostrowski K, Rohde T, Asp S, Schjerling P, Pedersen BK. Pro- and anti-inflammatory 
cytokine balance in strenuous exercise in humans. J Physiol 515: 287–291, 1999. 

122.  Paschalis V, Nikolaidis MG, Giakas G, Theodorou AA, Sakellariou GK, Fatouros 

IG, Koutedakis Y, Jamurtas AZ. Beneficial changes in energy expenditure and lipid 
profile after eccentric exercise in overweight and lean women. Scand J Med Sci Sport 20: 
1–10, 2010. 

123.  Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes, cytokines and satellite 
cells: What role do they play in muscle damage and regeneration following eccentric 
exercise? Exerc Immunol Rev 18: 42–97, 2012. 

124.  Paulsen G, Mikkelsen UR, Raastad T, Peake JM. Leucocytes, cytokines and satellite 
cells: what role do they play in muscle damage and regeneration following eccentric 
exercise? Exerc Immunol Rev 18: 42–97, 2012. 

125.  Peake J, Nosaka K, Suzuki K. Characterization of inflammatory responses to eccentric 
exercise in humans. Exerc Immunol Rev 11: 64–85, 2005. 

126.  Peake JM, Neubauer O, Gatta PAD, Nosaka K. Muscle damage and inflammation 
during recovery from exercise. J Appl Physiol 122: 559–570, 2017. 

127.  Peake JM, Suzuki K, Wilson G, Hordern M, Nosaka K, MacKinnon L, Coombes JS. 
Exercise-induced muscle damage, plasma cytokines, and markers of neutrophil activation. 
Med Sci Sports Exerc 37: 737–745, 2005. 

128.  Pennings B, Boirie Y, Senden JMG, Gijsen AP, Kuipers H, Loon LJC Van. Whey 
protein stimulates postprandial muscle protein accretion more effectively than do casein 
and casein hydrolysate in older men 1 – 3. Am J Clin Nutr 93: 997–1005, 2011. 

129.  Pennings B, Groen B, de Lange A, Gijsen AP, Zorenc AH, Senden JMG, van Loon 

LJC. Amino acid absorption and subsequent muscle protein accretion following graded 
intakes of whey protein in elderly men. AJP Endocrinol Metab 302: E992–E999, 2012. 

130.  Pescatello L. ACSM’s guidelines for exercise testing and prescription. 2014. 

131.  Phillips SM. Physiologic and molecular bases of muscle hypertrophy and atrophy: impact 
of resistance exercise on human skeletal muscle. Appl Physiol Nutr Metab 34: 403–410, 
2009. 



87 

132.  Phillips SM. A brief review of critical processes in exercise-induced muscular 
hypertrophy. Sport Med 44, 2014. 

133.  Phillips SM. Current Concepts and Unresolved Questions in Dietary Protein 
Requirements and Supplements in Adults. Front Nutr 4: 13, 2017. 

134.  Phillips SM, Chevalier S, Leidy HJ. Protein “requirements” beyond the RDA: 
implications for optimizing health 1. Appl Physiol Nutr Metab 41: 565–572, 2016. 

135.  Phillips SM, Van Loon LJC. Dietary protein for athletes: From requirements to optimum 
adaptation. J Sports Sci 29: S29–S38, 2011. 

136.  Phillips SM, Moore DR, Tang JE. A Crtical Examination of Dietary Protein 
Requirments, Benefits , and Excesses in Athletes. Int J Sport Nutr Exerc Metab 17: 58–76, 
2007. 

137.  Piccolomini A, Iskandar M, Lands L, Kubow S. High hydrostatic pressure pre-
treatment of whey proteins enhances whey protein hydrolysate inhibition of oxidative 
stress and IL-8 secretion in intestinal epithelial cells. Food Nutr Res 56, 2012. 

138.  Proske U, Morgan DL. Muscle damage from eccentric exercise: Mechanism, mechanical 
signs, adaptation and clinical applications. J Physiol 537: 333–345, 2002. 

139.  Pyne DB. Exercise induced muscle damage and inflammation: A review. Aust J Sci Med 

Sport 26: 49–58, 1994. 

140.  Radaelli R, Bottaro M, Wagner DR, Wilhelm EN, Pompermayer MG, Pinto RS. Men 
and women experience similar muscle damage after traditional resistance training 
protocol. Isokinet Exerc Sci 22: 47–54, 2014. 

141.  Reidy PT, Walker DK, Dickinson JM, Gundermann DM, Drummond MJ, 
Timmerman KL, Fry CS, Borack MS, Cope MB, Mukherjea R, Jennings K, Volpi E, 
Rasmussen BB. Protein Blend Ingestion Following Resistance Exercise Promotes Human 
Muscle Protein Synthesis. J Nutr 143: 410–416, 2013. 

142.  Res PT, Groen B, Pennings B, Beelen M, Wallis GA, Gijsen AP, Senden JMG, Van 

Loon LJC. Protein ingestion before sleep improves postexercise overnight recovery. Med 

Sci Sports Exerc 44: 1560–1569, 2012. 

143.  Reule C, Scholz C, Schön C, Brown N, Siepelmeyer A, Alt W. Reduced muscular 
fatigue after a 12 week leucine rich amino acid supplementation combined with moderate 
training in elderly: a randomized, placebo-controlled, double-blind trial. BMJ Open Sport 

Exerc Med 2, 2017. 

144.  Rinard J, Clarkson PM, Smith LL, Grossman M. Response of males and females to 
high-force eccentric exercise. J Sports Sci 18: 229–236, 2000. 

145.  Ross MLR, Halson SL, Suzuki K, Garnham A, Hawley JA, Cameron-Smith D, Peake 

JM. Cytokine Responses to Carbohydrate Ingestion During Recovery from Exercise-
Induced Muscle Injury. J Interf Cytokine Res 30: 329–337, 2010. 

146.  Roth SM, Martel GF, Ivey FM, Lemmer JT, Metter EJ, Hurley BF, Rogers MA. 
High-volume, heavy-resistance strength training and muscle damage in young and older 
women. J Appl Physiol 88: 1112–1118, 2000. 

147.  Rowlands DS, Rössler K, Thorp RM, Graham DF, Timmons BW, Stannard SR, 



88 

Tarnopolsky MA. Effect of dietary protein content during recovery from high-intensity 
cycling on subsequent performance and markers of stress, inflammation, and muscle 
damage in well-trained men. Appl Physiol Nutr Metab 33: 39–51, 2008. 

148.  Rutherfurd SM, Fanning AC, Miller BJ, Moughan PJ. Protein Digestibility-Corrected 
Amino Acid Scores and Digestible Indispensable Amino Acid Scores Differentially 
Describe Protein Quality in Growing Male Rats. J Nutr 145: 372–379, 2015. 

149.  Schoenfeld BJ, Aragon A, Wilborn C, Urbina SL, Hayward SE, Krieger J. Pre- 
versus post-exercise protein intake has similar effects on muscular adaptations. PeerJ 5: 
e2825, 2017. 

150.  Semmler JG, Tucker KJ, Allen TJ, Proske U. Eccentric exercise increases EMG 
amplitude and force fluctuations during submaximal contractions of elbow flexor muscles. 
J Appl Physiol 103: 979–989, 2007. 

151.  Seow CY. Hill’s equation of muscle performance and its hidden insight on molecular 
mechanisms. J Gen Physiol 142: 561–73, 2013. 

152.  Shenoy S, Dhawan M, Sandhu JS. Four Weeks of Supplementation With Isolated Soy 
Protein Attenuates Exercise-Induced Muscle Damage and Enhances Muscle Recovery in 
Well Trained Athletes: A Randomized Trial. Asian J Sports Med 7: 1–6, 2016. 

153.  Shimomura Y, Inaguma A, Watanabe S, Yamamoto Y, Muramatsu Y, Bajotto G, 
Sato J, Shimomura N. Branched-Chain Amino Acid Supplementation Before Squat 
Exercise and Delayed-Onset Muscle Soreness. Int J Sport Nutr Exerc Metab 20: 236–244, 
2010. 

154.  Smith KA, Kisiolek JN, Willingham BD, Morrissey MC, Leyh SM, Saracino PG, 
Baur DA, Cook MD, Ormsbee MJ. Ultra-endurance triathlon performance and markers 
of whole-body and gut-specific inflammation. Eur. J. Appl. Physiol. (2019). doi: 
10.1007/s00421-019-04279-3. 

155.  Snijders T, Res PT, Smeets JSJ, Vliet S Van, Kranenburg J Van, Maase K, Kies AK, 
Verdijk LB, Loon LJC Van. Protein Ingestion before Sleep Increases Muscle Mass and 
Strength Gains during Prolonged Resistance-Type Exercise Training in Healthy Young 
Men. J Nutr 145: 1178–1184, 2015. 

156.  Soares de Moura C, Moura D, Christiano P, Lollo B, Neder P, Magalhães E, Amaya-

farfan J. Whey protein hydrolysate enhances the exercise-induced heat shock protein 
(HSP70) response in rats. Food Chem 136: 1350–1357, 2013. 

157.  Sorichter S, Martin M, Julius P, Schwirtz A, Huonker M, Luttmann W, 
Walterspacher S, Berg A. Effects of unaccustomed and accustomed exercise on the 
immune response in runners. Med Sci Sports Exerc 38: 1739–1745, 2006. 

158.  Sorichter S, Puschendorf B, Mair J. Skeletal muscle injury induced by eccentric muscle 
action: Muscle proteins as markers of muscle fiber injury. Exerc Immunol Rev : 5–21, 
1999. 

159.  Stewart LK, Flynn MG, Campbell WW, Craig BA, Robinson JP, Timmerman KL, 
McFarlin BK, Coen PM, Talbert E. The influence of exercise training on inflammatory 
cytokines and C-reactive protein. Med Sci Sports Exerc 39: 1714–1719, 2007. 

160.  Stupka N, Tarnopolsky M a, Yardley NJ, Phillips SM. Cellular adaptation to repeated 



89 

eccentric exercise-induced muscle damage. J Appl Physiol 91: 1669–1678, 2001. 

161.  Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM. Ingestion of whey 
hydrolysate, casein, or soy protein isolate: effects on mixed muscle protein synthesis at 
rest and following resistance exercise in young men. J Appl Physiol 107: 987–992, 2009. 

162.  Tee JC, Bosch AN, Lambert MI. Metabolic Consequences of Exercise-Induced Muscle 
Damage. Sport Med 37: 827–836, 2007. 

163.  Theodorou A, Nikolaidis M, Paschalis V, Panayiotou G, Fatouris I, Koutedakis Y, 
Jamurtas A. No effect of antioxidant supplementation on muscle performance and blood 
redox status adaptations to eccentric training. Am J Clin Nutr 93: 1373–1383, 2011. 

164.  Tidball JG. Inflammatory processes in muscle injury and repair. Am J Physiol - Integr 

Comp Physiol 288: 345–353, 2005. 

165.  Tiidus PM. Radical species in inflammation and overtraining. Can J Physiol Pharmacol 
76: 533–538, 1998. 

166.  Tipton KD, Rasmussen BB, Miller SL, Wolf SE, Owens-Stovall SK, Petrini BE, 
Wolfe RR. Timing of amino acid-carbohydrate ingestion alters anabolic response of 
muscle to resistance exercise. Am J Physiol Endocrinol Metab 281: E197–E206, 2001. 

167.  Trappe T, Carrithers J, White F, Lambert C, Evans W, Dennis R. Titin and nebulin 
content in human skeletal muscle following eccentric resistance exercise. Muscle and 

Nerve 25: 289–292, 2002. 

168.  Trommelen J, Holwerda AM, Kouw IWK, Langer H, Halson SL, Rollo I, Verdijk 

LB, Van Loon LJC. Resistance Exercise Augments Postprandial Overnight Muscle 
Protein Synthesis Rates. Med Sci Sports Exerc 48: 2517–2525, 2016. 

169.  Trommelen J, Kouw IWK, Holwerda AM, Snijders T, Halson SL, Rollo I, Verdijk 

LB, van Loon LJC. Pre-sleep dietary protein-derived amino acids are incorporated in 
myofibrillar protein during post-exercise overnight recovery. Am. J. Physiol. - Endocrinol. 

Metab. (2018). doi: 10.1152/ajpendo.00273.2016. 

170.  Tujioka K, Ohsumi M, Hayase K, Yokogoshi H. Effect of the Quality of Dietary Amino 
Acids Composition on the Urea Synthesis in Rats. J Nutr Sci Vitaminol (Tokyo) 57: 48–
55, 2011. 

171.  Verdijk LB, Jonkers RA, Gleeson BG, Beelen M, Meijer K, Savelberg HH, Wodzig 

WK, Dendale P, van Loon LJ. Protein supplementation before and after exercise does 
not further augment skeletal muscle hypertrophy after resistance training in elderly men. 
Am J Clin Nutr 89: 608–616, 2009. 

172.  van Vliet S, Burd NA, van Loon LJ. The Skeletal Muscle Anabolic Response to Plant- 
versus Animal-Based Protein Consumption. J Nutr 145: 1981–1991, 2015. 

173.  Warren GL, Lowe DA, Armstrong RB. Measurement tools used in the study of 
eccentric contraction-induced injury. Sport Med 27: 43–59, 1999. 

174.  West DWD, Sawan SA, Mazzulla M, Williamson E, Moore DR. Whey protein 
supplementation enhances whole body protein metabolism and performance recovery after 
resistance exercise: A double-blind crossover study. Nutrients 9, 2017. 

175.  Wilkinson SB, Tarnopolsky MA, MacDonald MJ, MacDonald JR, Armstrong D, 



90 

Phillips SM. Consumption of fluid skim milk promotes greater muscle protein accretion 
after resistance exercise than does consumption of an isonitrogenous and isoenergetic soy-
protein beverage. Am J Clin Nutr 85: 1031–1040, 2007. 

176.  Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. Myofibrillar muscle 
protein synthesis rates subsequent to a meal in response to increasing doses of whey 
protein at rest and after resistance exercise. Am J Clin Nutr 99: 86–95, 2014. 

177.  Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, Sabatini 

DM. Sestrin2 is a leucine sensor for the mTORC1 pathway. Science (80- ) 351: 43–48, 
2016. 

178.  Woods JA, Wilund KR, Martin SA, Kistler BM. Exercise , Inflammation and Aging. 
Aging Dis 3: 130–140, 2012. 

179.  Xia Z, Cholewa JM, Dardevet D, Huang T, Zhao Y, Shang H, Yang Y, Ding X, 
Zhang C, Wang H, Liu S, Su Q, Zanchi NE. Effects of oat protein supplementation on 
skeletal muscle damage, inflammation and performance recovery following downhill 
running in untrained collegiate men. Food Funct. (2018). doi: 10.1039/C8FO00786A. 

180.  Yang W, Hu P. Skeletal muscle regeneration is modulated by inflammation. J Orthop 

Transl 13: 25–32, 2018. 

181.  Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne TA, Josse AR, 
Tarnopolsky MA, Phillips SM. Resistance exercise enhances myofibrillar protein 
synthesis with graded intakes of whey protein in older men. Br J Nutr 108: 1780–1788, 
2012. 

182.  Yang Y, Churchward-Venne TA, Burd NA, Breen L, Tarnopolsky MA, Phillips SM. 
Myofibrillar protein synthesis following ingestion of soy protein isolate at rest and after 
resistance exercise in elderly men. Nutr Metab (Lond) 9: 57, 2012. 

183.  Zourdos M, Henning P, Jo E, Khamoui A, Lee S, Park Y, Naimo M, Panton L, 
Nosaka K, Kim J. Repeated Bout Effect in Muscle-Specific Exercise Variations. J 

Strength Cond Res 29: 2270–2276, 2015. 

 



91 

BIOGRAPHICAL SKETCH 

 

 

 



92 

 

 

 

 



93 

 

 

 

 



94 

 

 

 

 



95 

 

 

 

 



96 

 

 

 

 



97 

 

 

 

 



98 

 

 

 

 


