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Abstract

The aim of the present study was to investigate the effect of protein and carbohydrate
ingestion during early recovery from exhaustive exercise on performance after 18 h recovery.
Eight elite cyclists (VOzmax 74.0+1.6 ml-kg-min™) completed two exercise and diet
interventions in a double-blinded, randomized, crossover design. Participants cycled first at
73% of VO2max (W73%) followed by one-min intervals at 90% of VOamax until exhaustion.
During the first two hours of recovery, participants ingested either 1.2 g carbohydrate-kg™*-h
(CHO) or 0.8 g carbohydrate + 0.4 g protein-kg-h* (CHO+PROT). The diet during the
remaining recovery period was similar for both interventions and adjusted to body weight.
After an 18 h recovery, cycling performance was assessed with a 10 s sprint test, 30 min of
cycling at W73%, and a cycling time trial (TT). The TT was 8.5% faster (41:53£1:51 min vs
45:26+1:32 min; p<0.03) after CHO+PROT compared to CHO. Mean power output during
the sprints was 3.7% higher in CHO-PROT compared to CHO (1063+54 W vs 1026+53 W;
p<0.01). Nitrogen balance in the recovery period was negative in CHO and neutral in
CHO+PROT (-82.4+11.5 vs 7.0+15.4 mg-kg*; p<0.01). In conclusion: TT and sprint
performances were improved 18 h after exhaustive cycling by CHO-PROT supplementation
during the first two hours of recovery compared with isoenergetic CHO supplementation. Our
results indicate that intake of carbohydrate plus protein after exhaustive endurance exercise
more rapidly converts the body from a catabolic to an anabolic state than carbohydrate alone,

thus speeding recovery and improving subsequent cycling performance.

News and Noteworthy

Prolonged high intensity endurance exercise depends on glycogen utilization and high
oxidative capacity. Still, exhaustion develops and effective recovery strategies are required to
compete in multi-day stage races. We show that co-ingestion of protein and carbohydrate
during the first two hours of recovery is superior to isoenergetic intake of carbohydrate to
stimulate recovery, and improves both endurance time-trial and 10 s sprint performance the

following day in elite cyclists.
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Introduction
Competitive stage race cycling consists of consecutive days with high physiological stress and

limited time for recovery (19). The feeding strategies during recovery are essential to
optimize performance and may determine the final outcome of endurance competitions the
following day. Carbohydrate and fat are the major fuels during exercise (14; 44; 50; 59).
However, amino acids are also oxidized during exhaustive exercise (6; 62), and amino acid
oxidation and protein degradation are elevated in muscles with low glycogen content (6; 25;
33). Furthermore, protein breakdown continues in skeletal muscles after exercise if energy

intake is insufficient or lacks proteins or amino acids (9).

The importance of carbohydrate intake after exercise for improved recovery of performance is
well established (5; 26; 27). However, co-ingestion of carbohydrate and protein after
endurance exercise has emerged as a key nutrition practice for many cyclists (21; 52). Intake
of both protein and carbohydrate after exercise has been reported to be superior to
carbohydrate only to stimulate the rate of glycogen synthesis (3; 28; 64) and increase the rate
of protein synthesis (10; 24; 45). Moreover, studies have shown improved recovery of
performance after co-ingestion of protein plus carbohydrate compared to carbohydrate only
(2; 18; 46; 50; 53; 58; 61), but this has not been a universal finding (3; 4; 20; 43; 48; 49). The
reasons for this discrepancy may be due to the type of exercise performed, the severity of
metabolic challenge during the exercise prior to the dietary interventions, the recovery period
and the test used to evaluate performance after the intervention. Obviously, this topic needs

more study.

Typically, recovery time during stage race cycling is 16-20 h, and in this time-frame,
improved performance after co-ingestion of protein and carbohydrate has only been reported
in two studies using time to exhaustion (TtE) as a performance test (50; 53). Importantly, time
trial (TT) performance is considered a more relevant physiological test as it is an effective
predictor of cycling performance, is an extremely reliable and repeatable test, and has been
used to assess skeletal muscle oxidative phosphorylation capacity (29). However, the
beneficial effect of co-ingestion of protein and carbohydrate on time trial performance after

18 h recovery has never been reported.

Sprint performance is an important quality in cycling and requires high power production.

Maximal strength and muscle cross-sectional area determine to a large degree maximal power
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(38). High cycle sprint performance depends on high maximal strength (56), and myofibrillar
quality and neuromuscular activation are determinants of strength (13). Synthesis of
myofibrillar proteins contributes to high maximal power and sprint performance. Protein
intake after endurance exercise stimulates myofibrillar protein synthesis and proteins in other
myocellular compartments (10; 45), which may contribute to improved recovery after
exhaustive exercise. Although sprint capacity determines the final outcome of many cycle
competitions, the effect of co-ingestion of carbohydrate and protein after exhaustive exercise

on sprint performance the following day is unknown.

To further investigate the physiological processes that benefit from co-ingestion of protein
and carbohydrate during the early recovery phase after exhaustive exercise, we evaluated the
effect of co-ingestion of protein and carbohydrate on sprint and time trial performance 18 h
after exhausting exercise. We hypothesized that sprint and TT performances would be higher
after co-ingestion of protein and carbohydrate during the first 2 hours of recovery, compared
to isoenergetic intake of carbohydrate only.

Materials and Methods

Subjects

Eight male elite endurance cyclists (mean+SEM; age: 22.9+1.2 yr.; height: 182+2 cm; body
mass: 79.5+3 kg; VO2max 5.9+0.3 L-min?, 74.0£1.6 ml-kg-min"t; Wmax 463+11.2 W, 5.9+0.1
W-kgt) were recruited for the study. The subjects had competitive experience at national and
some at international level competitions and trained an average of 16x1 h weekly, of which
12+2 h consisted of cycling. The protocol was reviewed by Regional Ethic Committee of
Norway (2011/1298) with the decision that the research project was outside the Act on
Medical Health Research, confirmed in letter of exemption (2011/1298; IRB ref:
IRB00006245). The study was conducted according to the Declaration of Helsinki and
participants gave their informed written consent after oral and written information about the

study.

Study design
Overview: The study was completed in a double-blinded, randomized, balanced, crossover
experimental design. Subjects completed one session of physiological measures and two

familiarization sessions before the experimental trials. Two experimental interventions,



separated by at least six days, consisted of two consecutive days of testing and dietary control
(Fig. 1). The first testing day consisted of an exhaustive cycling exercise bout (EXH) followed
by experimental interventions that consisted of participants provided with carbohydrate (CHO)
or carbohydrate + protein (CHO+PROT) drinks during the first 2 h of recovery. From 2 to 18
h after the exhaustive exercise, there was dietary control only, which was matched for energy
and macronutrient intake for both interventions. During the second testing day, ~18 h after the
exhaustive exercise, the athletes completed both sprint and endurance (preloaded time-trial)

performance tests.

Physiological testing and familiarization sessions

Physiological testing: On the first visit to the laboratory, subjects completed incremental
cycling exercises to determine the relationship between workload (W) and oxygen uptake
(VO2), maximal work capacity (Wmax) and maximal oxygen uptake (VO2max). Each subject’s
custom bike geometry was adjusted on the ergometer (Lode Excalibur Sport, Groningen, The
Netherlands) and used throughout the study. Prior to testing, subjects performed a ten min easy
self-paced warm up. To determine the relationship between W and VO, the initial ergometer
workload was set at 200-250 W, and increased 25 W every 5 min. Between 2.5-4 min of each
step, VO2 was measured (Oxycon Pro, Jager Instr; Hoechberg, Germany) and capillary blood
samples were taken and analyzed for blood lactate (1500 Sport, YSI Inc., Yellow Springs Instr;
Ohio, USA). Heart rate (HR) was measured with a Polar RS 800-CX (Kempele, Finland) ata 5
s average rate throughout the study. Linear regression analysis from the incremental cycling
test was used to determine the workload corresponding to 73% of VOamax (W73%) and this value
was re-assessed during the first familiarization session. The cycling test was terminated when
blood lactate concentration reached 3 mM. The participants selected a cadence between 90 and
105 rpm during this test (94+2); this cadence (£5 rpm) was used subsequently for all
familiarization and experimental trials. Subjects rested 5-10 min before being tested for
Wax/VO2max. For this test, starting workload was the same as the second last step of the first
test and increased 25 W per min until voluntary exhaustion. VO, was measured over 30 s
periods and the mean of the two highest consecutive measurements was used as VOzmax. A
failure for VO> to increase with increasing workload was used as criteria for a successful
VO2max Mmeasurement.

Wmax Was determined as:

Workload of the last stage completed + [(25 W/60 s) x s at the final stage].
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Familiarization sessions: Two to three days after physiological testing, participants completed
the first familiarization session, which included all elements of day 2 of experimental trials (see
“Day 2- Performance testing”) except for standardized breakfast, and blood and urine
sampling. During the first 30 min at fixed intensity, power output was adjusted if necessary to
elicit subject’s 73% of VO2zmax. The adjusted workload was used as W73y for the rest of the

study.

Approximately one week before the intervention period, athletes completed a second
familiarization session (CON) that replicated all exercise demands and measures of the

experimental protocol of day 2 of the experimental period.

Experimental trials period

Subjects recorded their dietary intake and exercise training for 24 h prior to the start of the first
experimental trial and were requested to follow the same diet and exercise prior to the second
experimental trial. For this 24 h period, subjects were instructed to do very light or no exercise

and to repeat this strategy before their second trial.

Day 1 — Exhaustive exercise session (EXH): The athletes reported to the laboratory at 11:30
AM for weigh-in and baseline blood sampling before starting their warm-up at 12:00 PM.
Another weighing of the athletes was done after EXH to detect weight loss. Water was ingested
ad libitum during EXH. The exercise session was initiated with a warm-up consisting of
consecutive steps of 4 min at a workload eliciting 50, 55 and 60% of VOzmax. After a 5 min
recovery, subjects performed a 10 s sprint (Sprint 1, Fig 1) followed by another 5 min recovery
period. All sprints during the study were all-out efforts performed using Lode Ergometry
Manager 9.4.7.0 software with a torque factor of 1.0 Nm/kg. Throughout the study, recovery
periods were complete rest or at a work-rate of 100 W, self-selected by the subjects. The
exhaustive exercise bout started with 30 min at Wr3%. After a 5 min recovery, subsequent
intervals of 20 min at Wv3% and 5 min recovery between each interval were completed until
subjects were unable to maintain their pre-determined selected cadence £5 RPM despite verbal
encouragement. After exhaustion, participants recovered for 5 min and then performed 1 min
intervals at a power output eliciting 90% of VO2max followed by 1 min recovery, repeatedly,
until voluntary exhaustion (unable to maintain power for 1 min). After the 1 min intervals,
subjects recovered for 5 min before completing a second 10 s sprint (Sprint 2, Fig 1). VOo,

RER, blood lactate, blood glucose (HemoCue Glucose 201*, Angholm, Sweden), HR and rate
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of perceived exertion (RPE) were assessed between min 3-4 and the last 2 min of the first 30
min interval. Thereafter, measurements were conducted only at the last 2 min of each 20 min

interval and the last 2 min before exhaustion.

Recovery and intervention supplement ingestion period (0-2 h): After EXH, a Teflon catheter
18GA (BD Venflon Pro, New Jersey, USA) was inserted into an antecubital vein for serial
blood sampling. Supplement drinks were ingested immediately after the first blood sample, and
every 30 min for the first 2 h (total 4 drinks). Isovolumetric supplements matched for flavor
(7.06 ml-kg*-h'?) provided 1.2 g carbohydrate-kg*-h"* (CHO) or 0.8 carbohydrate-kg™-h + 0.4
g whey protein-kg?-h"? (CHO+PROT). The carbohydrate portion of the drinks consisted of
equal parts of maltodextrin (Maltodextrin White pure, AppliChem, Darmstadt, Germany) and
glucose, (Glukose AnalaR, VWR Prolabo, Leuven, Belgium). The whey protein used was
Lacprodan, SP-9225 Instant from (Arla Foods, Aarhus, Denmark).

Prolonged recovery and controlled diet period (2- ~18 h): Following the first 2 h of recovery,
diets for CHO and CHO + PRO were identically matched for energy (127 kJ-kg?) and
macronutrient intake (4.89 g carbohydrate-kg™, 1.08 g protein-kg™ and 0.77 g fat-kg™). Post-
supplement nutrition was custom-made, pre-packaged and provided in the form of dinner,
evening carbohydrate drink, supper and breakfast, at 2, ~4, ~6 and ~16 h post EXH,
respectively. Dinner was consumed in the laboratory. Evening carbohydrate drink, supper and
breakfast were provided for subjects to consume at their homes at the indicated times. Water
was ingested ad libitum and additional food or drinks were not allowed. Detailed composition
of meals for the 2-~18 h period can be found in Table 1.

Total energy and macronutrient intake: Total nutrient intake (supplements + meals) of the
interventions was isoenergetic (169 kJ-kg™) but differed in composition due to the 0-2 h
supplement intervention. The CHO diet contained 7.29 g carbohydrate-kg™, 1.08 g protein-kg*
and 0.77 g fat-kg™*, and CHO+PROT diet contained 6.49 g carbohydrate-kg™, 1.88 g protein-kg"
Land 0.77 g fatkg™.

Day 2- Performance testing: Subjects ingested breakfast at 7:00 AM in their homes, 2 h prior
to the start of the warm-up. Upon arrival to the laboratory at ~08:30 AM, subject’s body mass
was recorded, and a Teflon catheter was inserted in an antecubital vein for serial, blood

sampling. The catheter was flushed with saline solution when samples were not taken to keep
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patency. At 9:00 AM, approximately 18 h after the end of EXH, subjects completed the same
warm-up as on day 1, recovered for 5 min, and completed a 10 s sprint (Sprint 3, Fig 1) followed
by a 5 min recovery. Thereafter, subjects started the pre-loaded TT that consisted of 30 min of
cycling at a fixed intensity (W+v3%), a 5 min recovery, followed by a TT to complete a specific
amount of mechanical work. The total work to be completed was equivalent to 30 min (1800 s)
at a workload corresponding to 100% of VO2max (Work output (kJ) = Power at VOomax (W) *
1800 s). VO., RER and HR were measured between 3-4, 16-18 and 28-30 min. Blood lactate,
blood glucose (capillary blood) and RPE were measured at 4, 18 and 30 min. Blood samples

collected from the Teflon catheter were taken at 15 and 30 min.

The TT started at W73, but the subjects could adjust the workload on a panel mounted on the
bike as they preferred. Time was blinded during the TT, but accumulated work was shown on
a screen in front of the athletes. The average work output during the TT was 738 + 29 kJ.
Subjects were also informed at every ten percent how much of the TT they had completed. VO>
and RER were measured between 14-15 min and during the last ten percent of the TT. RPE and
HR were taken at 10%, 20%, at 15 min, 60%, 80% and the end of the TT. Blood lactate, blood
glucose and blood samples from the Teflon catheter were collected at the end of the TT and 15
min after the TT. After the TT, a 5 min recovery followed before the athletes performed a
second 10 s sprint (Sprint 4, Fig 1).

Biological Samples

Blood: Venous blood samples were taken from a Teflon catheter previously inserted into an
antecubital vein except the fasting morning sample, which was taken using a retractable safety
winged steel needle (BD Vacutainer, New Jersey, USA). Blood samples were taken in 6.5 ml
K2EDTA tubes (BD Vacutainer, New Jersey, USA), placed on ice and centrifuged for 10 min
at 4°C (2500 g). Plasma was then pipetted into 1.5 ml Eppendorf tubes and stored at -80°C until
subsequent analysis. On day 1, blood samples were taken upon arrival in the laboratory, and
immediately after EXH and at 15, 30, 60, 90 and 120 min post EXH. On day 2, blood samples
were taken upon arrival in the laboratory, at 15 and 30 min of W73%, and at the end of the TT
and 15 min after the TT.

Urine: All of the urine samples from the athletes during the recovery period were collected in
plastic containers in four consecutive batches: 1) from start of day 1 until end of EXH, 2) 0-2 h

after EXH, 3) from 2 h after EXH until midnight, and 4) from midnight until start of warm-up
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of the pre-loaded TT. Subjects were instructed to void their bladders before the start of EXH.

VVolume was measured for each period and a 12 ml sample was frozen at -20°C for analysis.

Analytical procedures

All analytic processes were conducted according to the manufacturer’s instructions.
Glucose: Plasma glucose was determined by an enzymatic procedure (GLUC?2) (Roche
Diagnostics Gmbh, Mannheim, Germany) using a Cobas C-111 autoanalyzer (Roche,

Germany).

Free fatty acids (FFA): The plasma FFA content was measured by an enzymatic colorimetric
assay for the quantitative determination of non-esterified fatty acids (NEFA-HR) (Wako
Chemicals GmbH, Neuss, Germany) a Cobas C-111 autoanalyzer (Roche, Germany).
Glycerol: The plasma glycerol content was measured by a direct colorimetric procedure
(Glycerol, Randox Laboratories Ltd, Crumlin, UK) using a Cobas C-111 autoanalyzer
(Roche, Germany).

Insulin: Plasma insulin concentrations (unit: pM) were measured with an enzyme-linked

immunosorbent assay (ELISA) (Dako, Glostrup, Denmark).

Uric Acid: The amount of plasma uric acid was detected with a UA2 kit from Roche (Roche

Diagnostics Gmbh, Mannheim, Germany) and measured on a Cobas C-111 autoanalyzer.

Amino acids: Plasma amino acids including branch chain amino acids (BCAA), were
analyzed in a single run using liquid chromatography tandem-mass spectrometry (LC-
MS/MS) with a modified version of a previously described method for sulfur amino acid
measurements (1). Briefly, deuterium-labelled isotopes were added to plasma as internal
standards, followed by the addition of dithioerythritol (as the method is also used for sulfur
amino acid measurements) and then protein precipitation using perchloric acid. The acid
supernatant was diluted with a solution containing heptane sulfonic acid as an ion pair
reagent. LC-MS/MS of all extracts was carried out using a Shimadzu LC-20ADXR
Prominence LC system (Kyoto, Japan) coupled to a Sciex QTRAP5500 mass spectrometer
with a Turbo V ion source (Framingham, MA, USA). Chromatographic separation was
achieved on a Phenomenex Kinetex Core Shell C18 (100 x 4.6 mm, 2.6 pym) LC column

(Torrance, CA, USA) with water and methanol gradient mobile phase spiked with formic acid
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[0.05%]. Positive mode multiple reaction monitoring was used for detection. Linear
calibration curves of the peak area ratios of analytes and internal standards were used for

quantification. Coefficients of variation for all amino acid analyses were <7%.

Nitrogen: Urea and urea nitrogen were measured with a QuantiChrom Urea Assy Kit (DIUR-
500), BioAssaySystem. Nitrogen balance was calculated based on protein intake and urinary
nitrogen excretion and assuming non-urinary nitrogen losses of 23.2% in CHO and 22.9% in
CHO+PROT (46). Nitrogen intake was calculated assuming the nitrogen to amino acid constant

of 6.25 (35). Nitrogen concentration in the urine was analyzed with the Kjeldahl method (32).

Calculation of carbohydrate and fat oxidation: Carbohydrate and fat oxidation rates were
calculated from RER and oxygen uptake together with the Table of Nonprotein Respiratory

Quotient assuming non-protein metabolism as described by Peronnet and Massicotte (41).

Statistics: All values are expressed as mean + SEM. The between treatment difference (CHO
vs. CHO+PROT) from the performance test was tested with a two tailed students T-test. Two-
way repeated measures analysis of variance (ANOVA) was used to determine treatment
differences, with treatment and time used as factors. When differences were detected, Tukey’s
honestly significant difference post hoc test was performed. Differences were considered
significant when p < 0.05. Pearsons’s Product Moment Correlation Analysis was used to detect
significant relationships between variables. Statistical analyses were performed using

SigmaPlot 12.5 software.

Results

Exhaustive exercise on day one (EXH): The workload used during EXH was 29812 W and
corresponded to 73.0+3.0% of VO2max. Voluntary exhaustion at Wz3s occurred after 112+9
and 108+6 min prior to CHO and CHO+PROT, respectively. The athletes thereafter
performed 1 min sprints at 372+14 W (13+3 and 9+1 prior to CHO and CHO+PROT,
respectively). There were no significant differences in EXH time or number of sprints before
interventions (p=0.66 and p=0.37, respectively). Total carbohydrate oxidation during EXH
was 426+34 and 405+32 g before CHO and CHO+PROT, respectively, and with no
significant difference in carbohydrate oxidation between interventions (p=0.36) (Table 2).
These calculations did not include the 1 min sprints at 90% of VO2max. Energy utilization
during EXH (1 min sprints included) were 11554+1009 kJ before the CHO intervention and
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10768+498 kJ before the CHO+PROT intervention (p=0.44). Energy utilization during sprints
were calculated from the ending workload and assuming an energy efficiency of 23%.

Plasma glucose was steady during the first 30 min interval. Thereafter, it gradually decreased
during EXH to 3.8+0.4 (CHO) and 3.4+£0.3 mM (CHO+PROT) immediately after EXH. VO,
HR and RPE increased during EXH, but there were no differences between CHO compared to
CHO+PROT prior to dietary interventions. RER was lower at 70 min compared to 30 min
during EXH, but were similar between the treatment groups. Plasma insulin, leucine,
isoleucine and valine decreased, while plasma FFA, glycerol and uric acid increased during
EXH (Fig. 2).

Before and after EXH, the athletes performed a 10 s sprint. Mean power was lower during the
sprint after EXH compared to before EXH, but there was no difference between the treatment
groups (CHO: 1062+55 W vs. 998+55 W, CHO+PROT: 1068+50 W vs. 100052 W, pre
EXH p=0.63 and post EXH p=0.88). Water intake during EXH prior to the intervention was
similar in both treatment groups (CHO, 2527275 ml; CHO+PROT, 2791+214 ml, p=0.30).
Weight loss was 1.3+£0.4 kg and 1.1+£0.3 kg in the CHO and CHO+PROT, respectively
(p=0.35).

Intervention and Recovery Period: Plasma glucose rose rapidly after the first intervention
drink irrespective of the drink provided, and there was no treatment effect or difference in
area under the curve (p=0.14) (Fig. 2A). Plasma insulin increased during the first 120 min of
recovery in both treatment groups but was higher during CHO+PROT compared with CHO
(Fig. 2B, Time: p<0.001; Treatment: p=0.194; Interaction: p<0.002). Plasma FFA and
glycerol decreased and reached baseline level after 90 min (Fig. 2C, D). Plasma uric acid
continued to increase during the 2 h of recovery (p<0.05) (Fig. 2E). There was no difference
between treatments for FFA, glycerol or uric acid p=0.51-0.9). Leucine, isoleucine and valine
rose during the first 2 hours of recovery in CHO+PROT, and were significantly difference
between treatments (p<0.001) (Fig. 2F-H).

Performance after 18 h recovery: Before the TT, subjects performed a 10 s modified Wingate
sprint. The mean power during this sprint was higher after CHO+PROT compared to CHO
(1063+£54 W and 1026+53 W, respectively, p<0.01; Fig. 3C).

Before the TT, subjects cycled 30 min at a workload corresponding to 73% of VO2amax (W73%).
During this 30 min, RPE was higher after CHO compared to CHO+PROT at 18 min (p=0.03)
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and 30 min (p=0.001) (Fig. 4A). Heart rate at W13y tended to be higher after CHO compared
to CHO+PRO (Treatment effect: p=0.08). T-test comparisons showed that heart rate was
higher after CHO compared to CHO+PROT at 18 min (p=0.04) and a tendency for a higher
HR after 30 min (p=0.09) (Fig. 4B). There was no difference between the interventions for
VO2, RER, oxidation of carbohydrate or fat, levels of blood lactate or plasma glucose
(p=0.11-0.98) (Fig. 4C-H). FFA, glycerol, uric acid and insulin were also similar between
groups (p=0.38-0.8) (Fig. 4L-O). Cycling economy was similar during W73y in CHO and
CHO+PROT (~4.2+0.2 kJ - L Ozh).

After 30 min of completing the W73y test, the athletes performed the TT. CHO+PROT
completed the TT 8.5% faster than CHO (Fig. 3A). The TT time after CHO+PROT was
41:53£1:51 min corresponding to a mean power of 299+15 W. The time to complete the TT
after CHO was 45:26+1:32 min and corresponded to a mean power of 275+15 W (p<0.01
compared to CHO+PROT). The TT time one week before the interventions performed in a
rested state (CON) was 39:39+1:08, corresponding to a mean power of 31311 W. The TT
time for the CHO+PROT group was not significantly different from CON (p=0.12), while the
CHO group used a significantly longer time to complete the TT compared to CON (p=0.01).

The power during the TT was higher after CHO+PROT compared to CHO in the interval of
26% to 93% of completed the TT (Fig. 3B). RPE during the TT was higher at 10 and 20% in
the CHO group compared to the CHO+PROT group (Fig. 4A). HR was higher during the TT
at 60% and 80% after CHO+PROT compared to CHO (Fig. 4B). VO was higher after
CHO+PROT, compared to CHO at 15 min into, and at the end of the TT (corresponding to 50
and 80 min, respectively in Fig. 4C). There was no difference between interventions for
carbohydrate (p=0.97) or fat oxidation (p=0.11) during the TT although the CHO+PROT
group worked at a significantly higher power (Fig. 4E, 4F). At the end of the TT, athletes
utilized more carbohydrate per min than at 4, 18 and 30 min of W73y as well as at 15 min of
TT.

The athletes finished the performance session on day 2 with a second 10 s sprint 5 min after
the TT. The mean power during the sprint was higher in the CHO+PROT group compared to
the CHO group (1068+53 W and 1037+60 W, respectively; Fig. 3C). Maximal power during
the 10 s sprint tended to be higher after CHO+PROT compared to CHO (1864+93 W and
1770491 W, p=0.06).
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There were no differences between interventions during the session on day 2 concerning
plasma levels of glucose FFA, glycerol, uric acid or insulin, (p=0.38-0.80) (Fig. 4H, 4L-N,
40). Plasma valine was consistently higher the day after the CHO+PROT compared to the
CHO intervention (Fig. 4J; Treatment effect: p<0.001; post hoc analyses: p<0.05 at all time
points). Plasma leucine was also higher the day after CHO+PROT compared to CHO (Fig. 41,
Treatment effect: p=0.017), but the concentration before exercise did not differ. Plasma
isoleucine did not differ between diets, but all branched-chain amino acids decreased during

the performance tests.

To test the potential effect of plasma BCAA on performance, the differences in BCAA
between CHO and CHO+PROT before the performance test on day 2 were correlated with
differences in performance. The change in workload was calculated as the relative increase
after intake of CHO+PROT compared to CHO (CHO=100%). Interestingly, the difference in
performance (mean power during time trial) between CHO and CHO+PROT tended to
correlate with differences in plasma valine (r=0.68; p=0.062; power 0.461) and plasma
leucine (r=0.61; p=0.11), but there was no correlation for isoleucine (r=-0.09; p=0.84). The
difference in performance at the 10 s sprint test did not correlate with differences in plasma
BCAA (r=-0.03-0.31; p=0.45-0.95).

Nitrogen balance and Urea: Nitrogen intake during the recovery period was 13.7+0.5 and
23.9£0.8 g during CHO and CHO+PROT, respectively. Total nitrogen excretion was 20.2+1.0
g and 23.3+1.4 g during CHO and CHO+PROT, respectively, and significantly different
between interventions. Thus, nitrogen balance was negative during CHO (-82.4+11.5 mg - kg
! -6.6 g) and significantly different from CHO+PROT (7.0£15.4 mg - kg, 0.6 g), which was
not different from zero (Fig. 5). In the CHO+PROT group, five athletes were in a positive
nitrogen balance, while three were in a negative nitrogen balance. In the CHO group, all
athletes were in a negative nitrogen balance. Furthermore, individual data showed that all
athletes in the CHO group had a more negative nitrogen balance than the CHO+PROT group
(Fig. 5A). Urinary creatinine excretion was 1.9+0.1and 1.7+0.1 g in the CHO and
CHO+PROT groups, respectively (p=0.06). Corresponding values for urine nitrogen excretion
and urine urea excretion were 16.4+0.8 and 19.0+1.1 g and 29.6+1.3 and 37.4+2.4 g (p<0.01),
respectively (p<0.01) (Fig. 5C, D). Urine urea excretion correlated with urine nitrogen
excretion (r=0.98; p<0.01).
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Discussion

We are the first to show that time trial and sprint performance 18 h after exhaustive exercise
improves after co-ingestion of protein and carbohydrate during the 2 h window immediately
after exercise, compared to carbohydrate only. We report three lines of evidences supporting
our hypothesis that CHO+PROT supplementation is superior to isoenergetic CHO
supplementation for performance recovery. Compared to carbohydrate alone, co-ingestion of
carbohydrate and protein 1) improved time-trial performance, 2) improved sprint
performance, and 3) reduced perceived exertion and HR during a standardized submaximal
workload (W+73%). The lower performance after CHO, furthermore, coincided with a negative
nitrogen balance despite intake of 1.1 g/kg protein during the 18 h recovery period, while
nitrogen balance was neutral after CHO+PROT when intake of protein was 1.9 g/kg in the

same period.

The present study is the first to report improved time trial performance after co-ingestion of
protein and carbohydrate after a recovery period of 16-20 h. This finding is noteworthy
because time trial performance tests have high reliability and validity relative to actual
performance (15). The effect of CHO+PROT on the recovery of performance was convincing
with TT performance improved by about 3.5 min (8.5%) compared to CHO. Williams et al.
were among the first to show that co-ingestion of carbohydrate plus protein duringa 5 h
recovery from exhaustive exercise improved cycling time to exhaustion at 85% of VOzmax by
11 min (~55%) (61). Saunders and coworkers also used cycling to exhaustion at 85% VO2max
after a 16 h recovery, and showed that time to exhaustion was 12 min longer (~55%) after
carbohydrate plus protein intake compared to carbohydrate only (53). Importantly, the percent
increase in performance is not comparable in TT and time to exhaustion performance tests.
TT performance tests have also been used to document a positive effect of co-ingestion of
carbohydrate and protein on recovery of performance, but only after much shorter recovery
periods. Berardi and coworkers found improved performance after intake of carbohydrate and
protein compared to carbohydrate alone on a 60 min TT after 6 h of recovery (2), and
Ferguson-Stegall et al. found improved performance on a 40 km TT after 4 h of recovery
(~7%) when carbohydrate and protein were co-ingested (18). Our recent study showing
improved time to exhaustion performance 18 h after exhaustive exercise when protein and
carbohydrate were co-ingested compared to carbohydrate only (50), indicated that exhaustion

occurred without depletion of carbohydrate stores after intake of carbohydrate only
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immediately after exercise, suggesting that co-ingestion of protein and carbohydrate improved
muscle function. The current study expands on these findings showing improved TT
performance 18 h after exhaustive exercise when carbohydrate and protein were co-ingested

compared to carbohydrate only.

To get further insight into the physiological effect of co-ingestion of protein and carbohydrate
on performance, we used in the current study a TT performance test, which has been reported
to be highly repeatable and to negatively correlated with muscle oxidative capacity in highly
trained cyclists (29). Otherwise, the design of the present study was similar to our previous
study in relation to exercise to exhaustion, dietary intervention and recovery period (50).
Importantly, we demonstrate the superiority of CHO+PROT, compared to CHO, to improve
TT performance 18 h after exhaustive exercise. After CHO+PROT and CHO intervention, the
athletes were able to cycle at ~74% and ~68% of VO2max, respectively. This is a major
difference in performance in the competitive setting. The mean load during the TT was ~25
W higher after CHO+PROT compared to CHO, however, fat oxidation tended to be higher
(p=0.08) during the CHO+PRO trial, although elevating exercise intensity normally reduces
fat oxidation. The changes in blood concentrations of glucose, lactate, FFA and glycerol
during the TT were similar after CHO+PROT and CHO. It is therefore tempting to speculate
that mitochondrial function is better after co-ingestion of protein and carbohydrate compared
to carbohydrate only, as high mitochondrial oxidative capacity is directly associated with fat
oxidative capacity (55). The facts that mitochondrial protein synthesis increases after protein
intake (8) and exercise (10; 16; 17; 60) support this idea.

Additional, support of improved recovery after CHO+PROT compared to CHO was that RPE
for the 30 min cycling at W73% was significantly lower for CHO+PROT compared with CHO.
There was also a tendency for higher heart rate after CHO compared to CHO+PROT
(treatment effect: p=0.086) and T-tests showed significantly higher heart rates after CHO
compared to CHO+PROT at 18 min (p<0.05) and a tendency for a higher HR after 30 min
(p=0.09) of the W73y segment. The tendency for a higher heart rate at a standardized
workload indicates that the physiological challenge was higher after CHO compared to
CHO+PROQOT, and suggests better muscle function after CHO+PROT.

This is the first study to report that CHO+PRO supplementation during the first 2 h of

recovery compared with CHO supplementation alone resulted in greater sprint performance
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18 h later. High maximal force is a determinant for high maximal power (38) and cycling
sprint performance (56). Equally important, sprint performance was higher both before as
well as 5 min after the TT performance test after CHO+PROT supplementation compared to
CHO supplementation. Since the final outcome in cycling often depends on sprint capacity,
intake of protein in the recovery phase may determine the difference between becoming a
winner or a loser in multiple stage races on consecutive days. In support of our data, protein
intake (milk) has been shown to improve sprint performance 48 h after repeated sprint
exercise (31). In contrast, Breen et al. did not show any effect of co-ingestion of protein and
carbohydrate on maximal isometric strength the day following endurance exercise (11).
However, maximal isometric strength may be a poor measure for recovery of muscle function,

or ability to generate muscle power.

It is well known that protein intake immediately after exercise stimulates myofibrillar and
mitochondrial protein synthesis of skeletal muscle (10; 24; 45). In the present study, we
confirmed previous data (39; 50) that plasma concentrations of BCAA increase after co-
ingestion of carbohydrate and protein, and are unchanged after carbohydrate alone. Elevated
plasma amino acids post exercise prevent loss of amino acids from skeletal muscle (7) and
stimulates protein synthesis (24). Many studies have shown that protein intake after exercise
elevates phosphorylation of mMTOR, p70S6-kinase and other signaling molecules that
stimulate protein synthesis (36; 45; 47; 51; 60). Furthermore, elevated PGC-1a mRNA has
been reported in some (23; 47), but not in all studies (51) after protein supplementation.
Unfortunately, the effect of protein intake on performance was not investigated in these
studies. In fact, muscle biopsies have only been collected in one study where increased
performance was found after co-ingestion of carbohydrate and protein (18). Importantly,
Ferguson-Stegall et al. reported higher activation of anabolic signaling after co-ingestion of
carbohydrate and protein compared to carbohydrate alone or placebo (18). However, there is a
need for more studies that investigate the effect of co-ingestion of protein and carbohydrate
supplementation post exercise on signaling mechanisms with protocols that improve recovery

of performance.

We found that the nitrogen balance was negative after CHO (protein intake of 1.1 g/kg over
18 h) and neutral after CHO+PROT (1.9 g/kg over 18 h), suggesting that protein synthesis
increased after co-ingestion of carbohydrate and protein. In this regard, it has been suggested

that nitrogen balance status may determine performance outcome after dietary interventions
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(46; 50). The negative nitrogen balance after CHO in our study is likely to indicate a catabolic
state in skeletal muscles that reduces functional capacity and performance. We found a similar
pattern in our previous study (50), i.e., that improved performance was linked to a positive
nitrogen balance after CHO+PROT and a negative nitrogen balance after CHO alone (50). In
the current study, nitrogen balance was negative in CHO where protein intake was 1.1 g/kg,
and others have found that endurance athletes require 1.6-1.8 g/kg of protein daily to maintain
nitrogen balance (30; 57). In our study, protein intake was substantially higher during the first
2 h during CHO+PROT than the dose required to stimulate protein synthesis maximally (37).
Consequently, part of the ingested protein was metabolized and urinary excretion of nitrogen
and urea were higher after co-ingestion of protein and carbohydrate compared to carbohydrate

alone.

Plasma concentrations of all the BCAAs decreased during the exhaustive exercise prior to the
dietary intervention, and plasma valine remained lower in the CHO group compared to
CHO+PROT group the following day. This finding agrees with our previous study (50).
Leucine oxidation increases during exercise (42; 63) and branched chain amino acids are
mainly metabolized in skeletal muscle by mitochondrial branched chain amino transferase
(mBCAT) (12). Furthermore, deletion of mBCAT dramatically reduces endurance capacity in
mice (54). In the present study, both valine and leucine were lower during the performance
tests in CHO compared to CHO+PROT, and it is tempting to speculate that metabolism of
BCAA is required for optimal mitochondria function. Moreover, the difference in
performance between CHO+PROT and CHO groups showed a strong correlation with
differences in plasma valine (r=0.68, p=0.062) and plasma leucine (r=0.61, p=0.11). The lack
of formal statistical significances probably reflects low power. Thus, our results add support
to the premise that BCAA metabolism is important for exercise capacity (40), and that valine

flux should be further studied during exercise and related to fatigue and to recovery.

Uric acid is the end product of purine degradation. In agreement with our previous study, uric
acid increased after exhaustive exercise without a difference between the dietary interventions
(50). These results indicate that intake of protein immediately after exercise does not

influence degradation of purines and formation of uric acid.

The exercise prior to dietary intervention was demanding and other studies have shown that

glycogen content decreases to a low level (22) under such physiological demands. Exercise
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with low glycogen content stimulates protein degradation (6; 25; 33), and severe endurance
exercise requires substantial protein to maintain nitrogen balance (57). In the present study,
protein and carbohydrate were co-ingested in the early phase of recovery, which stimulates
protein synthesis more intensely than when provided later (34). Strengths of the present study
include the fact that the participants were experienced cyclists, familiarized with the tests, and
adhered to standardized diet and training prior the two interventions. Moreover, the study had
a randomized crossover design, and the performance tests were optimized by avoiding muscle
biopsies. However, the lack of biopsies can also be considered a weakness since we lack data
on glycogen, mitochondrial function and rate of protein synthesis in muscle. Another
limitation is the relatively low sample number and low statistical power on some variables. In
future studies, it will be important to study amino acid flux in muscle and at the whole body
level as well as protein degradation.

In conclusion, supplementation with protein combined with carbohydrates within the
first few hours after exhaustive cycling improves cycling time trial and sprint performance the
following day. These improvements were correlated with a positive nitrogen balance during
recovery, and suggest an increased catabolism of endogenous proteins in the absence of
dietary protein intake after exercise. The mechanism for the benefits of carbohydrate plus
protein intake supplementation following exercise remains unclear, but may be related to
mitochondrial or myofibrillar protein synthesis, reduced protein breakdown or a combination
of these events. The importance of the findings in this study cannot be overstated as they
relate protein intake to endurance performance during competitions occurring over

consecutive days.
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Legends
Tables

Table 1: Energy intake and content of macronutrients for the different standardized meals and
supplements during the 16 h of the recovery period, when the diets were similar between

groups, and adjusted for bodyweight.

Table 2: Blood glucose, blood lactate, VO, RER, carbohydrate and fat oxidation, HR and
RPE during EXH. During the first interval (30 min), measurements were taken at 3-4 min and
the last two min of the interval. On the rest of the intervals (20 min), measurements were
taken during the two last min of each interval. Measurements were also taken the last two min
before voluntary exhaustion (W73w%end). Furthermore, blood lactate and blood glucose were

measured before and after the one min bouts at 90% of VO2max.

Figures

Figure 1: Design of the interventions. The protocol was completed twice in a double-blinded,
randomized, balanced, crossover experimental design. The athletes reported to the laboratory
11:30 AM on day 1 and started an exhaustive training protocol (EXH) at 12:00 PM. EXH
consisted of exhaustive cycling at 73% and 90% of VO2max, and two 10 s sprints (at the start
and at the end of EXH). After EXH, an 18 h standardized isoenergetic recovery period started,
where the subjects where fed either carbohydrate alone (CHO group) or carbohydrate and
protein (CHO+PROT group) the first 2 h. The diet during the rest of the recovery period was
similar for both interventions. On day 2, the athletes ate a standardized breakfast at 07:00 AM
and reported to the laboratory 08:30 AM. The performance tests started 09:00 AM, and
consisted of a 10 s sprint, 30 min at W39, a time-trial performance test, and a second 10 s

sprint 5 min after the time-trial.

Figure 2: Plasma metabolites before and after exhaustive exercise, and during the dietary
interventions. Carbohydrate or carbohydrate and protein were provided during the immediate
recovery (0-120 min) as described. Plasma levels of glucose (A), insulin (B), FFA (C),
glycerol (D), uric acid (E), leucine (F), isoleucine (G), valine (H) were measured before
exercise (-110 min) and during the 2 h of recovery from exhaustive exercise when participants

received energy drinks. Values are mean = SEM. E: p<0.05 compared to basal value before
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exercise. a: p<0.05 compared to immediately after exercise (t=0). b: p<0.05 compared to
CHO.

Figure 3. Performance from the time-trial and 10 s sprint tests the day after the diet
interventions. Average time spent on the time trial (A), power curve during TT (B), mean
power during the sprints (C). Values are mean = SEM. * In Fig. 3A and 3C p<0.05 compared
to CHO. In Fig. 3B, * p<0.05 comparing CHO and CHO+PROT for each 10% interval.

Figure 4: Measurements from the performance test on day 2. Time 0 is at arrival before warm
up. Time 15 and 30 is after 15 and 30 min cycling at of W+73%. Time 80 is at the end of TT,
and 95 is 15 min after completion of TT. RPE (A) and heart rate (B) were taken at 4, 18, 30
min of W73%, and at 10%, 20%, 60%, 80% and at 15 min and at the end of the time trial. VO
(C), RER (D), carbohydrate oxidation (E), fat oxidation (F), blood lactate (G), plasma
glucose (H), were taken at 4, 18 and 30 min of Wrs%, and at 15 min and at the end of TT.
Glucose was also taken at time 0. Leucine (1), valine (J), isoleucine (K), FFA (L), glycerol
(M), uric acid (N) and insulin (O) were taken before, at 15 min, and at the end of W73y, and
atl5 min and at the end of TT and 15 min after TT. Values are mean £ SEM. T= Time effect;
P=treatment effect between groups. * Time points with differences between CHO and
CHO+PROT (p<0.05).

Figure 5: Nitrogen balance and urine excretion of nitrogen, urea and BCAA during the 18 h
recovery period. Nitrogen balance was calculated from protein intake and urine nitrogen.
Nitrogen balances for CHO and CHO+PROT during the recovery period with individual
responses (A) and responses for the different time periods for urine collection (B), total
nitrogen excretion (C), total urea excretion (D), * Significant differences between groups.
Values are mean + SEM. p<0.05.
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Tables

Table 1
Time Time after Carbohydrate Protein Fat Energy content
EXH (s-kg™) (s'kg™)  (g'ke™) (k)-kg™)
Dinner ~5:00 pm ~2h 1.4 0.47
0.29 39.01
20.40
Evening carbohydrate  ~ 7:00 pm ~4h 1.2 0 0
drink
Supper ~9:00 pm ~6h 0.97 0.29 0.24 30.54
0.24
Breakfast ~7:00 am ~16h 1.32 0.32 37.00
Table 2
0 min 3-4 min 28-30 min  48-50 min  68-70 min W73% End Exhaustion
Blood glucose (mM)
CHO 4.940.3 4.9+0.3 5.5+0.3 4.6£0.3 3.8+0.3%% 4.0+0.2 2bc 3.8+0.32bcd
CHO+PRO  5.0£0.2 5.0£0.2 5.3£0.3 4.5+0.3 4.2+0.2° 3.6+0.3 abe 3.4+0.3%bcd
Blood lactate (mM)
CHO 1.19+0.10 2.88+0.44% 2.42+0.36% 2.24+0.42®°  1.97+0.39% 2.60+0.33? 2.89+0.36**
CHO+PRO 0.91+0.14 2.75+0.48% 2.26+0.44* 1.88+0.38* 1.82+0.39 2.24+0.372 2.45+0.322*
VO2 (ml-mint)
CHO 4163+162  4354+172° 4352+173°  4336+2030% 4509+2130Pcde
CHO+PRO 4149+177 4280+164> 4360+177°  4422+192° 4516+248Pcde
RER (VO2- CO2%)
CHO 0.89+0.01  0.90+0.01 0.89+0.01  (.88+0.01¢*  0.89+0.01
CHO+PRO 0.88+0.01 0.90+£0.02  0.89%0.02 0.88+0.02° 0.88+0.02
Carbohydrate oxidation (g-mint)
CHO 3.7+0.3 4.0£0.2 3.940.3 3.6+0.3% 3.9+0.2
CHO+PRO 3.41£0.2 4.0+0.3 3.5+0.2 3.7+0.3 3.8£0.5
Fat oxidation (g-min™)
CHO 0.8+0.1 0.8+0.1 0.8+0.1 0.9+0.1% 0.9+0.1
CHO+PRO 0.9£0.1 0.7£0.1 1.0£0.1 0.9+0.1 0.9£0.2
HR (beats-min™)
CHO 156+4 169+3P 170+4° 167+20.% 17843 bede
CHO+PRO 155+4 166+3P 166+4° 168+4° 175+3 bede
RPE (Borg Scale)
CHO 12.8+0.5 13.9+0.6 14.6+0.7°  14.6+0.4bc* 18.8+0.3 bode
CHO+PRO 12.6+0.5 13.6+0.5 14.1+0.7° 15.0+0.7°¢ 18.4+0.4 bede

Data is mean + SEM. N=8 (* N=7 for CHO 68-70 min; one athlete did not manage to cycle for 70 min before
CHO intervention) 2 Significant different from 0 min ® Significant different from 4 min ¢ Significant different
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from 30 min. ¢ Significant different from 50 min. ¢ Significant different from 70 min. *Treatment effect between

groups. p<0.05.

Figures
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Figure 2
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Figure 3
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