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Influence of Post-Exercise Carbohydrate-Protein Ingestion 
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Subsequent Running Exercise
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Tsintzas, and James A. Betts

We examined whether carbohydrate-protein ingestion influences muscle glycogen metabolism during short-
term recovery from exhaustive treadmill running and subsequent exercise. Six endurance-trained individuals 
underwent two trials in a randomized double-blind design, each involving an initial run-to-exhaustion at 70% 
VO2max (Run-1) followed by 4-h recovery (REC) and subsequent run-to-exhaustion at 70% VO2max (Run-2). 
Carbohydrate-protein (CHO-P; 0.8 g carbohydrate·kg body mass [BM-1]·h-1 plus 0.4 g protein·kg BM-1·h-1) or 
isocaloric carbohydrate (CHO; 1.2 g carbohydrate·kg BM-1·h-1) beverages were ingested at 30-min intervals 
during recovery. Muscle biopsies were taken upon cessation of Run-1, postrecovery and fatigue in Run-2. 
Time-to-exhaustion in Run-1 was similar with CHO and CHO-P (81 ± 17 and 84 ± 19 min, respectively). 
Muscle glycogen concentrations were similar between treatments after Run-1 (99 ± 3 mmol·kg dry mass [dm-

1]). During REC, muscle glycogen concentrations increased to 252 ± 45 mmol·kg dm-1 in CHO and 266 ± 
30 mmol·kg dm-1 in CHO-P (p = .44). Muscle glycogen degradation during Run-2 was similar between trials 
(3.3 ± 1.4 versus 3.5 ± 1.9 mmol·kg dm-1·min-1 in CHO and CHO-P, respectively) and no differences were 
observed at the respective points of exhaustion (93 ± 21 versus 100 ± 11 mmol·kg dm-1; CHO and CHO-P, 
respectively). Similarly, time-to-exhaustion was not different between treatments in Run-2 (51 ± 13 and 49 ± 
15 min in CHO and CHO-P, respectively). Carbohydrate-protein ingestion equally accelerates muscle glycogen 
resynthesis during short-term recovery from exhaustive running as when 1.2 g carbohydrate·kg BM-1·h-1 are 
ingested. The addition of protein did not alter muscle glycogen utilization or time to fatigue during repeated 
exhaustive running.
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Postexercise recovery is limited by the time required to 
replenish endogenous glycogen but is accelerated by carbo-
hydrate ingestion (Jentjens and Jeukendrup, 2003). When 
the time available for recovery is limited (≤ 8 hr), glycogen 
and the capacity for exercise may not be fully restored (Betts 
and Williams, 2010). The ingestion of protein also stimulates 
muscle protein synthesis and mediate tissue repair/recondi-
tioning, so it is often recommended that postexercise nutrition 
for endurance-type exercise should include both carbohydrate 
and protein to replenish substrate stores and facilitate repair 
and remodelling of skeletal muscle, respectively (Beelen et 
al., 2010, Moore et al., 2014).

Whether protein co-ingestion facilitates glycogen 
restoration depends on the mode of exercise, degree 

of glycogen depletion, and the dose/type of nutrients 
ingested (Betts and Williams, 2010). Added protein can 
accelerate muscle glycogen resynthesis when  less than 
or equal to 1 g·kg BM-1·h-1 of carbohydrate is ingested 
following exhaustive cycling (van Loon et al., 2000, 
Detko et al., 2013) but it has not been determined whether 
this effect is present following exhaustive running. 
Muscle glycogen resynthesis rates are generally lower 
following running than cycling, possibly due to greater 
muscle damage (Costill et al., 1990), and reduced rates 
of muscle glycogen degradation in response to carbohy-
drate ingestion per se is observed more during running 
than cycling (Coyle et al., 1986, Tsintzas et al., 1996). It 
is therefore notable that only two studies have examined 
the effect of combined carbohydrate-protein ingestion 
on glycogen resynthesis after running (Betts et al., 2008, 
Lunn et al., 2012). However, neither examined recovery 
from exhaustive running, which presents a unique physi-
ological model due to greater glycogen depletion and thus 
increased insulin sensitivity, glucose uptake and glycogen 
synthase activity (Zachwieja et al., 1991, Jentjens and 
Jeukendrup, 2003).
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The potential effects of combined carbohydrate-pro-
tein ingestion on muscle glycogen resynthesis in recovery 
may therefore partly explain observations of improved 
restoration of exercise capacity when ingesting these nutri-
ents relative to carbohydrate alone (Williams et al., 2003, 
Betts et al., 2007, Thomas et al., 2009, Lunn et al., 2012). 
However, it has also been proposed that added protein 
might also/instead reduce the rate of glycogen metabolism 
during repeated exercise (Ivy et al., 2003, Betts et al., 2007, 
Betts et al., 2008). This possibility has only been examined 
in rodents by demonstrating the preexercise protein inges-
tion attenuates skeletal muscle glycogen depletion in the 
ensuing exercise bout (Morifuji et al., 2011).

This experiment examined the effect of carbohy-
drate-protein ingestion on muscle glycogen metabolism 
during recovery from exhaustive running and during 
repeated exercise to exhaustion. We hypothesized that: i) 
replacing a fraction of the carbohydrate ingested during 
recovery with an isocaloric quantity of protein would not 
significantly reduce muscle glycogen resynthesis rates; ii) 
the added protein would spare muscle glycogen during 
repeated exercise; and iii) fatigue with both treatments 
would coincide with similar critically low glycogen con-
centrations, such that exercise duration would be longer 
with carbohydrate-protein.

Materials and Methods

Participants
Six recreationally active runners (5M:1F, age 26 ± 11 
years, body mass (BM) 66.5 ± 7.9 kg, height 180 ± 5 cm, 

VO2max 64 ± 4 mL·kg-1·min-1, weekly exercise duration 5 
± 3 hr) were informed about the possible risks involved 
before giving their voluntary consent to take part. The 
study was approved by the local National Health Services 
Research Ethics Committee (Ref: 09/H0101/82) with a 
controlled clinical trial number: ISRCTN87937960.

Preliminary Measurements. Participants undertook 
preliminary testing on two separate occasions. The 
first visit included the determination of participants’ 
submaximal (VO2max) and maximal (VO2max) oxygen 
uptakes (Taylor et al., 1955) on a motorized treadmill 
(Ergo ELG70, Woodway, Weil am Rhein, Germany). The 
second visit (familiarization trial) was completed at least 
two weeks before the main trials and required participants 
to undergo the exercise protocol used in the main trials 
(described below) without any tissue or blood collection, 
and participants only ingested water at similar intervals 
to nutrient provision during the main trials (Figure 1).

Experimental Design
Each participant performed two trials in a double-
blinded, counterbalanced, randomized experimental 
design interspersed by at least 2 weeks. Forty-eight hour 
standardization of lifestyle (diet/exercise) was employed 
before familiarization and replicated before main trials as 
reported elsewhere (Alghannam et al., 2016).

Main trials involved running to the point of volitional 
fatigue (Run-1) at 70% VO2max followed by 4-hr recovery 
while ingesting carbohydrate-protein (CHO-P) or an iso-
caloric carbohydrate (CHO). A second run time to fatigue 
(Run-2) at 70% VO2max then assessed exercise capacity 

Figure 1 — A schematic representation of the study protocol †, body mass assessment; *, fluid provision; #, expired gas and blood 
sample; ‡, muscle biopsy; F1, fatigue in Run-1; F2, fatigue in Run-2; dashed columns, warm-up; clear column, run time to exhaus-
tion in Run-1; black column, run time to exhaustion in Run-2.
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(Figure 1). An ~80 mg muscle biopsy sample using the 
percutaneous needle biopsy technique (Bergstrom, 1962) 
was obtained on three occasions in both trials: upon ces-
sation of Run-1, following 4-hr recovery and at the point 
of volitional exhaustion in Run-2. Muscle biopsies were 
obtained before and after recovery to assess the rate of 
muscle glycogen resynthesis. A third muscle biopsy was 
taken upon fatigue during Run-2 to examine the rate of 
muscle glycogen degradation. 

Experimental Protocol
Participants arrived to the laboratory at 08:00 ± 1 hr 
following an overnight fast (≥ 10 hr). A urine sample 
indicated hydration status. Postvoid nude BM was then 
recorded (Weylux, UK) before a 5 min resting expired gas 
sample. An indwelling cannula was inserted into an ante-
cubital vein and a 10 mL venous blood sample obtained. 
Thereafter, a 3–5 mm incision was made from the vastus 
lateralis and then dressed to obtain a muscle biopsy 
sample immediately following Run-1. Resting heart 
rate (HR) was recorded (Polar FT2, Kempele, Finland) 
before a standardized 5 min warm-up at 60% VO2max and 
then intensity was increased to 69 ± 1% VO2max until the 
point of volitional exhaustion. During Run-1, one-minute 
expired gas samples, HR, ratings of perceived exertion 
(RPE) and 10 ml venous blood samples were collected 
(Figure 1). Water intake was permitted ad libitum during 
the familiarization trial (0.4 ± 0.3 L during Run-1) and 
then matched for subsequent trials.

Immediately upon the first biopsy sample, the first 
bolus of prescribed solution was provided and recovery 
time commenced. All measures in recovery were taken 
as described previously (Alghannam et al., 2016) and 
according to the sampling schedule illustrated in Figure 1. 
Approximately 3 hr 40 min from the first biopsy sample, 
two further 3–5 mm incisions were made proximally 
relative to the first incision site, which were taken from 
the contralateral leg in each trial at least 3 cm apart. A 
second biopsy sample was obtained at the end of recovery 
and then nude BM was recorded before the standardized 
warm-up and then running at 70 ± 1% VO2max until voli-
tional exhaustion. Water intake was permitted ad libitum 
during the familiarization trial and matched for subse-
quent trials (0.3 ± 0.3 L during Run-2). Expired gases, 
venous blood, HR and RPE were collected at the intervals 
shown in Figure 1. Immediately following Run-2, the 
remaining incision site was used to obtain a final muscle 
biopsy and BM was recorded. Ambient temperature and 
humidity were recorded at 60 min intervals throughout 
trials using a portable weather station (WS 6730; Tech-
noline, Berlin, Germany) and were not different among 
the trials: 20.2 ± 1 and 20.2 ± 1 °C; and 50 ± 4 and 49 ± 
6% in CHO and CHO-P trials, respectively.

Solution Composition
The solutions were provided in equal volumes relative to 
BM (10 ml·kg-1·h-1). The rate of carbohydrate (sucrose) 
intake in CHO was 1.2 g·kg BM-1·h-1. CHO-P provided 

0.8 g·kg BM-1·h-1 of sucrose with 0.4 g·kg BM-1·h-1 of 
whey protein hydrolysate (Armor Proteines, France). 
Both supplements were matched for their electrolyte 
content (sodium and potassium) and flavor (calorie-free 
vanilla extract; Flavdrops, Myprotein, UK). Blinding was 
verified using an exit interview, based upon which two 
participants were able to distinguish between treatments.

Blood Analysis From each 10 ml venous blood sample, 
5 ml was transferred into a nonanticoagulant tube and 
left to clot for »45 min at room temperature before being 
centrifuged at 2000 xg for 10 min at 4 °C (Heraeus 
Primo R; Thermo Fisher Scientific, Loughborough, 
UK) for the analysis of serum insulin concentrations via 
enzyme-linked immunosorbent assay (ELISA; Mercodia, 
Uppsala, Sweden) using a spectrophotometric plate reader 
(Spectrostar Nano, BMG Labtech, Ortenberg, Germany). 
The remaining 5 ml was dispensed into a EDTA treated tube 
and immediately analyzed for hemoglobin concentration 
(Sysmex SF-3000 Sysmex Ltd., Wymbush, UK) and 
hematocrit (Hawksley, Lancing, UK) to determine plasma 
volume changes throughout the trials (Dill and Costill, 
1974). The remaining blood was then spun for centrifugation 
under 2000 xg for 10 min at 4 °C for the analysis of plasma 
glucose, nonesterified fatty acids (NEFA), lactate and urea 
using a spectrophotometric analyzer (RX Daytona, Randox 
Laboratories Ltd., Crumlin, UK).

Muscle Analysis. Each muscle sample was immediately 
extracted from the needle biopsy, snap-frozen into liquid 
nitrogen and stored in liquid nitrogen until analysis. 
The extraction and determination of muscle glycogen 
concentrations were performed according to enzymatic 
procedures reported elsewhere (Alghannam et al., 2016). 
Total glycogen concentrations are reported as mmol 
glucosyl units per kilogram of dry mass (mmol·kg dm-1) 
to account for any measurement error associated with 
fluid shift during exercise and rehydration.

Expired Gas Analysis. Expired gas samples were 
collected using the Douglas bag method (Hans Rudolph, 
Shawnee, KS, USA), and the relative oxygen and carbon 
dioxide factions were quantified by paramagnetic and 
infrared analysers, respectively (Servomex, Crowborough, 
UK). The calculations of nonprotein VO2max and VCO2max 
were then used for the determination of carbohydrate 
and lipid oxidation rates (g·min-1) using stoichiometric 
formulae, where N is the estimated rate of nitrogen 
excretion based on urinary/plasma urea (Livesey and 
Elia, 1988).

Carbohydrate Oxidation = (4.212×VCO2)− (3.005×VO2)−
(2.449×N)

Fatty Acid Oxidation = (1.754×VO2)− (1.754×VCO2)−
(2.017×N)

Extramuscular carbohydrate oxidation was then derived 
from:

Whole-body carbohydrate oxidation (g·min-1)—
overall muscle glycogen utilization (g·min-1)
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Urine Analysis Urine osmolality was measured using 
a cryoscopic osmometer (Advanced Instruments, Inc., 
Norwood, MA, USA). All urine during recovery was 
collected in a vessel containing 5 mL of 10% thymol-
isopropanol and a mixed 1-mL sample analyzed for urea 
concentration. Urea excretion was corrected for changes 
in the whole-body urea pool (Livesey and Elia, 1988) and 
nonprotein respiratory exchange ratio (NPRER) adjusted 
for protein oxidation rates (Jequier et al., 1987).

Statistical Analysis
A priori sample size estimations were based on our previ-
ous study (Betts et al., 2007) in which n = 6 provided 85% 
power to detect a difference in exercise capacity of 7.5 min 
using a two-tailed t test. A two-way linear mixed model 
with repeated measures (timextrial) was employed and 
significant interactions were explored using the Bonfer-
roni step-wise method to identify the location of variance 
(Atkinson, 2002).  Incremental area under the concentra-
tion curve (iAUC) for plasma glucose and serum insulin 
concentrations during recovery were calculated (Wolever, 
2004).  Statistical procedures were performed using IBM 
SPSS version 21.0 (Chicago, IL) and significance was set 
at p ≤ .05. Unless otherwise stated, all results are reported 
as mean ± SD and error bars on figures are confidence 
intervals (CI) corrected to remove between-subject vari-
ance (Loftus and Masson, 1994).

Results
Exercise Capacity
Mean run times to exhaustion in Run-1 were well-
matched (CHO = 81 ± 17 min; CHO-p = 84 ± 19 min; 
p= 0.37). No differences were observed during Run-2, 
with mean run times of 51 ± 13 min in CHO and 49 ± 
15 min in CHO-P (p = .43; Figure 2).

Relative exercise intensities were also successfully 
standardized between the experimental treatments and 
averaged 69 ± 1% VO2max in Run-1 and 70 ± 1% VO2max 
in Run-2 across both treatments. These were reflected 
by the overall similar heart rates of 173 ± 3 and 172 ± 4 
beats·min-1 recorded during CHO and CHO-P, respectively.

Muscle Glycogen
There was no timextrial interaction for total muscle 
glycogen concentrations (F= 0.08; p = .79; Figure 2), 
with muscle glycogen concentrations similarly depleted 
between treatments following Run-1 (99 ± 3 mmol·kg 
dm-1) and replenished similarly by the end of recovery 
(time: p < .001). Muscle glycogen resynthesis rates were 
37.4 ± 15 mmol·kg dm-1·h-1 in CHO and 41.7 ± 7 mmol·kg 
dm-1·h-1 in CHO-P (p = .47). Rates of muscle glycogen 
degradation during Run-2 were similar between trials (3.3 
± 1.4 versus 3.5 ± 1.9 mmol·kg dm-1·min-1 in CHO and 
CHO-P, respectively; p = .31), hence muscle glycogen 
concentrations were reduced to similar levels at the end 
of Run-2 in both trials (97 ± 5 mmol·kg dm-1).

Plasma Glucose and NEFA
Plasma glucose concentrations were higher in CHO 
than CHO-P at 1 hr (F= 3.9; p = .05; Figure 3) 
during recovery. Conversion of these data into a 
glycaemic iAUC for the entire 4 hr recovery, how-
ever, did not reveal any differences (230 ± 89 versus 
186 ± 163 mmol·240 min·l-1; p = .42) between CHO 
and CHO-P, respectively. Similarly, there were no 
notable differences in plasma glucose concentra-
tions between treatments during Run-2 (F= 0.22;  
p = .64).

Plasma NEFA responded similarly following the 
onset of feeding in both trials, and no differences in the 
concentration of this metabolite were shown between 
CHO and CHO-P during the subsequent exercise bout 
(Figure 4).

Figure 2 — A. Muscle glycogen concentrations at the end of 
Run-1 (Fatigue 1), at the end of 4 h recovery, and the end of 
Run-2 (Fatigue 2) with CHO and CHO-P treatments. Values 
are means ± CI. Figure 2-B, mean and individual run times to 
exhaustion during Run 2 following the ingestion of CHO or 
CHO-P during 4 h recovery. a, values different from fatigue 
at Run-1 to postrecovery (p < .01); b, values different from 
postrecovery to fatigue at Run-2 (p < .01).
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Serum Insulin
Insulin concentrations were higher during recov-
ery when CHO-P was ingested as opposed to CHO 
(F= 3.6; p= 0.05; Figure 3). Accordingly, the insu-
linaemic iAUC for the entire 4-hr recovery period 
was greater when CHO-P was ingested when com-
pared with CHO (47 ± 18 versus 31 ± 7 nmol·240 
min·l-1; p= 0.05). However, there were no differ-
ences in insulin concentrations between treatments  
during Run-2.

Plasma Lactate and Urea
Plasma lactate concentrations were not different between 
CHO and CHO-P during recovery. While plasma lactate 
levels during the subsequent run appeared to be slightly 
elevated in CHO than CHO-P (3.9 ± 0.9 and 3.3 ± 0.2 
mmol·l-1, respectively) no timextrial interactions were 
identified (F= 0.78; p= 0.38; Figure 4).

There was a marked increase in plasma urea concen-
tration following the ingestion of protein in the CHO-P 
trial, while plasma urea remained at basal level in CHO 

Figure 4 — Plasma NEFA and lactate concentrations during Run-1, recovery and Run-2 with CHO or CHO-P treatments. Values 
are mean ± CI. *, values different between CHO and CHO-P (p < .05). F1, time to exhaustion during Run-1; F2, time to exhaustion 
during Run-2.

Figure 3 — Plasma glucose and serum insulin concentrations during Run-1, recovery and Run-2 with CHO or CHO-P treatments. 
Values are mean ± CI. *, values different between CHO and CHO-P (p < .05). F1, time to exhaustion during Run-1; F2, time to 
exhaustion during Run-2.
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(F: 91.8; p < .001). This gradual increase persisted until 
the end of the trial, reaching 9.7 ± 3.7 mmol·l-1 at the 
point of fatigue with CHO-P ingestion relative to 5.2 ± 
1.0 mmol·l-1 in CHO treatment (p < .001).

Substrate Metabolism
Whole-body carbohydrate (F= 0.002; p = .97) and lipid 
(F = 0.012; p = .91) oxidation rates were not different 
between treatments during recovery (Table 1). Rates of 
metabolism during the repeated exercise bout were simi-
lar between treatments (CHO= 63.2 kJ·min-1; CHO-p = 
64.5 kJ·min-1). Neither lipid nor carbohydrate oxidation 
rates were different between treatments during Run-2 
(Table 1). Figure 5 illustrates that the contribution of 
muscle glycogen, extramuscular carbohydrate (e.g., 
glucose and lactate) and lipids to substrate metabolism 
during Run-2 and indicates the comparable substrate 
selection between treatments.

Hydration and Subjective Data
Preexercise hydration status was not different between 
treatments, as indicated by urine osmolality of 594 ± 280 
and 483 ± 275 mOsm·kg-1 in CHO and CHO-P, respec-
tively (p = .5). Changes in BM (-1.0 ± 0.7 and -1.1 ± 0.8 
kg) and plasma volume (0.1 ± 5 and 0.1 ± 5%) were not 
different between CHO and CHO-P, respectively. The 
total urine produced during recovery was 783 ± 302 mL 

in CHO and 600 ± 393 mL in CHO-P trials (p = .2). 
Overall RPE scores were consistent between trials (17 ± 
2 and 17 ± 2). Subjective ratings of gut fullness, thirst, 
and stomach discomfort and were similar between the 
experimental conditions (data not shown).

Discussion
This experiment demonstrates that coingesting 0.4 g·kg 
BM-1·h-1 of whey protein hydrolysate with 0.8 g·kg 
BM-1·h-1 carbohydrate during short-term recovery from 
exhaustive running exercise promotes muscle glycogen 
resynthesis at the same rate as an isocaloric solution pro-
viding carbohydrate-only at the recommended ingestion 
rate (i.e., 1.2 g·kg BM-1·h-1). Moreover, the inclusion of 
protein did not alter the metabolic response during the 
second bout nor improve subsequent exercise capacity. 
This is the first study to report muscle glycogen resyn-
thesis rates following an exhaustive running exercise 
bout and also the first to report glycogen degradation 
rates during repeated exercise following ingestion of 
carbohydrate and protein during recovery from running.

Coingesting protein with carbohydrate can potentially 
accelerate the recovery of exercise capacity (Williams et 
al., 2003, Betts et al., 2007, Thomas et al., 2009, Lunn et 
al., 2012) yet no plausible mechanism for this effect has 
been confirmed. One mechanism that has been suggested 
is that the added protein may reduce muscle glycogen use 

Table 1 Substrate Metabolism and Respiratory Exchange Ratio (RER) During Run-1, Recovery 
and Run-2 with CHO or CHO-P Treatments

Run-1 Recovery Run-2

Pre 30 min 60 min F1 1 hr 2 hr 3 hr 4 hr 15 min 30 min F2

Carbohydrate 
oxidation 
(g·min-1)

CHO 0.15 ± 
0.07

1.97 ± 
0.05

2.02 ± 
0.58

2.35 ± 
0.85

0.29 ± 
0.18

0.33 ± 
0.19

0.30 ± 
0.15

0.33 ± 
0.20

2.74 ± 
0.52

2.88 ± 
0.41

3.07 ± 
1.10

CHO-P 0.19 ± 
0.13

2.05 ± 
0.40

2.20 ± 
0.75

2.37 ± 
0.89

0.23 ± 
0.19

0.20 ± 
0.11

0.33 ± 
0.19

0.29 ± 
0.13

2.71 ± 
0.55

2.31 ± 
0.24

2.82 ± 
0.86

Lipid oxidation 
(g·min-1)

CHO 0.05 ± 
0.05

0.46 ± 
0.22

0.58 ± 
0.20

0.63 ± 
0.30

0.07 ± 
0.03

0.03 ± 
0.02

0.03 ± 
0.02

0.05 ± 
0.03

0.33 ± 
0.19

0.26 ± 
0.15

0.20 ± 
0.29

CHO-P 0.06 ± 
0.05

0.52 ± 
0.27

0.55 ± 
0.31

0.67 ± 
0.43

0.10 ± 
0.03

0.11 ± 
0.02

0.09 ± 
0.03

0.09 ± 
0.03

0.37 ± 
0.20

0.51 ± 
0.30

0.34 ± 
0.38

RER Nonprotein respiratory exchange ratios

CHO 0.80 ± 
0.06

0.87 ± 
0.04

0.87 ± 
0.05

0.91 ± 
0.08

0.89 ± 
0.14

1.04 ± 
0.40

1.00 ± 
0.26

0.99 ± 
0.19

0.93 ± 
0.04

0.95 ± 
0.03

0.96 ± 
0.08

CHO-P 0.80 ± 
0.06

0.88 ± 
0.03

0.89 ± 
0.06

0.92 ± 
0.05

0.84 ± 
0.21

0.81 ± 
0.14

0.84 ± 
0.12

0.89 ± 
0.27

0.93 ± 
0.03

0.90 ± 
0.04

0.95 ± 
0.09

Note. Values are mean ± SD. CHO, carbohydrate trial providing 1.2 g carbohydrate·kg BM-1·h-1 ingested during 4-hr recovery; CHO-P, carbohydrate-
protein trial providing 0.8 g carbohydrate·kg BM-1·h-1 plus 0.4 g protein·kg BM-1·h-1 during 4-hr recovery. F1 = time to exhaustion in Run-1; F2 = 
time to exhaustion in Run-2
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during exercise after recovery (Ivy et al., 2003); although 
this effect was not apparent in relation to carbohydrate-
protein ingestion during an initial prolonged exercise 
bout in humans (Cermak et al., 2009). However, the 
mechanisms of fatigue during a repeated exercise bout 
within hours of the first remain largely unexplored. We 
have recently demonstrated that the capacity for repeated 
exercise is mainly determined by the availability of muscle 
glycogen at the end of recovery (Alghannam et al., 2016). 
The current investigation provides further novel insight 
by revealing that carbohydrate-protein ingestion in recov-
ery does not alter muscle glycogen degradation during 
the repeated bout relative to an isocaloric carbohydrate 
solution, which may therefore explain the absence of any 
ergogenic effect. In accordance, the potential ergogenic 
effect of protein coingestion on subsequent exercise may 
depend on total energy intake during recovery irrespective 
of macronutrient composition. For example, an ergogenic 
effect was shown when 0.3 g·kg BM-1·h-1 of protein was 
added to a 0.8 g·kg BM-1·h-1 carbohydrate solution, but 
the restoration of endurance capacity was similar between 
an isocaloric carbohydrate (1.1 g·kg BM-1·h-1) and the 
carbohydrate-protein mixture (Betts et al., 2007). It can 
therefore be concluded that the results of the current study 
are in agreement with our previous report (Alghannam et 
al., 2016) in that muscle glycogen availability at the end of 
short-term recovery is a major determinant of subsequent 
exercise capacity.

Our observation of similar rates of muscle glycogen 
resynthesis despite a greater insulin response to combined 
carbohydrate-protein ingestion may be related to the 
precise amount of carbohydrate provided during recov-
ery. Studies showing a concomitant increase in muscle 
glycogen storage with greater insulin levels typically 
provided carbohydrate in amounts lower than that sug-
gested to maximize muscle glycogen resynthesis (i.e., < 
1 g carbohydrate·kg BM-1·h-1) during short-term recovery 
(Zawadzki et al., 1992, Williams et al., 2003). The poten-

Figure 5 — The contribution of muscle glycogen, extramuscular carbohydrate (CHO) and lipids to total substrate metabolism 
(kJ·min-1) during Run-2 with CHO or CHO-P.

tial for added protein to benefit aspects of recovery via 
increasing insulin secretion may therefore be limited only 
to conditions when carbohydrate intake is not sufficient to 
already maximize muscle glycogen resynthesis, although 
elevated postexercise insulin concentrations may have the 
potential to favor higher net availability of liver glycogen 
(Beelen et al., 2012).

In summary, including protein in a carbohydrate 
solution ingested following prolonged running does 
not accelerate the resynthesis of muscle glycogen in 
recovery, does not alter muscle glycogen degradation 
rates during subsequent exercise and does not restore 
the capacity for repeated exercise more effectively than 
if the same amount of energy is ingested in the form of 
carbohydrate without any protein. Fatigue under both 
conditions coincided with similarly low muscle glycogen 
concentrations, consistent with the view that availability 
of muscle glycogen is a major determinant of the capacity 
for exercise and that including protein in a postexercise 
supplement may only be relevant if carbohydrate inges-
tion rates are suboptimal for muscle glycogen resynthesis 
(i.e., < 1 g·kg BM-1·h-1) and/or if aspects of recovery other 
than restoring muscle glycogen are the objective (e.g., 
promoting tissue adaptation/reconditioning).
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