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ABSTRACT

The restorative capacities of a high carbohydrate-protein
(CHO-PRO) beverage containing electrolytes and a tradition-
al 6% carbohydrate-electrolyte sports beverage (SB) were as-
sessed after glycogen-depleting exercise. Postexercise inges-
tion of the CHO-PRO beverage, in comparison with the SB,
resulted in a 55% greater time to exhaustion during a sub-
sequent exercise bout at 85% maximum oxygen consumption
(V̇O2max). The greater recovery after the intake of the CHO-
PRO beverage could be because of a greater rate of muscle
glycogen storage. Therefore, a second study was designed to
investigate the effects of after exercise CHO-PRO and SB
supplements on muscle glycogen restoration. Eight endur-
ance-trained cyclists (V̇O2max 5 62.1 6 2.2 ml·kg21 body
wt·min21) performed 2 trials consisting of a 2-hour glycogen-
depletion ride at 65–75% V̇O2max. Carbohydrate-protein
(355 ml; ;0.8 g carbohydrate (CHO)·kg21 body wt and ;0.2
g protein·kg21 body wt) or SB (355 ml; ;0.3 g CHO·kg21

body wt) was provided immediately and 2 hours after ex-
ercise. Trials were randomized and separated by 7–15 days.
Ingestion of the CHO-PRO beverage resulted in a 17% great-
er plasma glucose response, a 92% greater insulin response,
and a 128% greater storage of muscle glycogen (159 6 18
and 69 6 32 mmol·g21 dry weight for CHO-PRO and SB,
respectively) compared with the SB (p , 0.05). These find-
ings indicate that the rate of recovery is coupled with the
rate of muscle glycogen replenishment and suggest that re-
covery supplements should be consumed to optimize muscle
glycogen synthesis as well as fluid replacement.
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Introduction

Sport beverages for recovery from prolonged aerobic
exercise are generally designed to replace water

and electrolyte losses due to sweat secretion (28).
These beverages generally contain relatively small
amounts of carbohydrate for replenishment of muscle
and liver glycogen stores, which can also be reduced
substantially during prolonged aerobic exercise. A re-
lationship between muscle glycogen concentration and
aerobic endurance is well established. The relationship
is based on the observation that during prolonged
strenuous exercise the decline in muscle glycogen
closely parallels perception of fatigue and once sub-
stantially depleted, necessitates termination of exercise
or a significant reduction in exercise intensity (1, 3, 14).
Furthermore, the increase in aerobic endurance after
exercise training is related to an increased muscle gly-
cogen storage capacity, as well as its more efficient use
(15, 17).

Because aerobic endurance is tightly coupled to the
concentration of muscle glycogen, nutritional strate-
gies have been developed to enhance glycogen synthe-
sis during short-term recovery in preparation for ad-
ditional exercise (18, 19, 27, 32, 35). However, the ef-
fectiveness of restoring muscle glycogen during short-
term recovery on subsequent exercise performance has
not been studied. Comparisons of carbohydrate sup-
plementation with flavored water, however, have sug-
gested that recovery can be enhanced if carbohydrate
stores are replenished. For example, Wong et al. (34)
reported that providing a 6.9% carbohydrate-electro-
lyte supplement during a 4-hour exercise recovery pe-
riod increased subsequent run time to exhaustion by
24 minutes. This was similar to the 22-minute im-
provement in subsequent run time reported by Fallow-
field et al. (12) when subjects were provided 1.0 g car-
bohydrate (CHO)·kg21 body wt of a 6.9% carbohy-
drate-electrolyte solution immediately and 2 hours af-
ter exercise. The effect of providing different amounts
of carbohydrate during recovery on subsequent per-
formance is equivocal, however. Fallowfield and Wil-
liams (11) reported that aerobic performance was sim-
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Figure 1. Time line for study 1 and study 2. Note that the
effects of the supplements on performance were
determined in study 1 and their effects on muscle glycogen
store after exercise were determined in study 2.

ilar after a 4-hour recovery period during which either
1.0 g CHO·kg21 body wt or 3.0 g CHO·kg21 body wt
was provided. Likewise, Wong and Williams (33) could
find no difference in aerobic performance after provid-
ing 50 or 167 g of carbohydrate during a 4-hour re-
covery period. Therefore, the purpose of the first study
was to compare the effectiveness of a supplement de-
signed to rapidly replenish muscle glycogen, a carbo-
hydrate-protein (CHO-PRO) beverage (32, 35), with
that of a traditional sports beverage (SB) designed pri-
marily for rehydration. Time to exhaustion during a
second aerobic exercise session was used to assess the
degree of recovery. Time for recovery was 4 hours.

The results indicated that the CHO-PRO supple-
ment, when compared with the traditional SB, en-
hanced the rate of recovery as evidenced by an ex-
tended exercise time to exhaustion. Because there were
no differences found in plasma volume or electrolytes
between treatments, the difference in performance
could be because of a difference in muscle glycogen
storage. Therefore, a second study was conducted to
determine whether differences in muscle glycogen
storage during the 4-hour recovery period could have
contributed to the difference in aerobic endurance per-
formance observed.

Methods
Experimental Approach to the Problem
Two studies were conducted to compare the efficacy
of 2 different supplements, a supplement designed for
rapid restoration of muscle glycogen and a traditional
SB, on recovery after exhaustive aerobic exercise. Study
1 was conducted at the University of North Texas
Health Science Center, Forth Worth, TX, and study 2
was conducted at the University of Texas, Austin, TX.
For both studies, a randomized crossover experimental
design was used with each subject serving as his/her
own control. Because studies 1 and 2 were conducted
in separate locations, it was necessary to use different
subjects for each study. Detailed time lines for both
studies 1 and 2 are illustrated in Figure 1.

Subjects
Eight trained male cyclists were recruited for study 1.
The mean (6SEM) age, weight, and maximum oxygen
consumption (V̇O2max) were 28.4 6 1.7 years, 73.7 6
1.3 kg, and 62.4 6 1.1 ml·kg21 body wt·min21, respec-
tively. For study 2, 8 different cyclists from those used
in study 1 were recruited. The mean (6SEM) age,
weight, and V̇O2max of the subjects in study 2 were
24.3 6 1.0 years, 67.3 6 1.3 kg, and 62.1 6 2.2 ml·kg21

body wt·min21, respectively. The protocol and the po-
tential benefits and risks associated with participation
were fully explained to each subject before they signed
an informed consent document. Study 1 was approved
by the Institutional Review Board for the Use of Hu-
man Subjects at the University of North Texas Health

Science Center, whereas study 2 was approved by the
Institutional Review Board of The University of Texas
at Austin. All subjects were asked to keep a training
log and diet recall for the week before each experi-
mental trial to standardize their physical activity and
diet on the days leading up to testing. Subjects were
also asked to fast for 12 hours and to abstain from
strenuous activity and alcohol-containing beverages
for at least 24 hours before any scheduled test. All ex-
perimental trials were conducted at a room tempera-
ture of 20 6 18 C.

Preliminary Testing
V̇O2max was determined by use of a continuous ex-
ercise test performed on an electrically braked cycle
ergometer (Ergometrics 800-S, Sensormedics, Ergo-line
GmbH, Bitz, Germany). The protocol consisted of a 4-
minute warm-up and then 2-minute stages beginning
at 200 W with an increasing workload of 50 W at each
stage until 350 W. After 350 W, the workload was in-
creased 25 W every minute. A respiratory exchange
ratio of greater than 1.1 and an increase in V̇O2 of less
than 0.2 L·min21 over the previous workload were the
criteria to ascertain that V̇O2max was achieved.

Experimental Protocol
After the preliminary testing, each subject underwent
2 randomized experimental treatments separated by
7–15 days. In study 2, a 2-hour practice ride was con-
ducted to adjust or verify appropriate exercise inten-
sity for the experimental trials. Otherwise, testing for
studies 1 and 2 were essentially the same except where
noted (Figure 1). On the day of an experiment, the
subjects reported to the laboratory 30 minutes before
the start of exercise. They were weighed and fitted
with a heart rate monitor (Polar Beat, Polar Electro Oy,
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Table 1. Comparison of supplement ingredients.

Ingredients
(per 355 ml)

Supplements

Endurox
R4 Gatorade

Carbohydrate (g)*
Protein (g)
Fat (g)
Sodium (mg)
Potassium (mg)
Calcium (mg)
Magnesium (mg)
Iron (mg)
Chloride (mg)
Vitamin C (mg)
Vitamin E (IU)
Glutamine (mg)
Arginine (g)

53.0
14.0
1.5

230
140
100
250

2
270
470
400
420

1.4

21.0
0
0

165
45
0
0
0

145
0
0
0
0

* The carbohydrate for Endurox R4 consisted of sucrose,
maltodextrin, and fructose. For Gatorade, the carbohydrate
consisted of sucrose, glucose, and fructose. Total calories in
355 ml of Endurox R4 and Gatorade were 280 and 75, re-
spectively.

Finland). Next, a 20-gauge catheter was inserted into
a large forearm vein and kept patent with sterile sa-
line. Once the catheter was in place the subjects
mounted the bicycle ergometer. After remaining seated
on the ergometer for several minutes, a resting blood
sample (5 ml) was drawn, heart rate recorded, and
then the cycling exercise commenced. The subjects
rode on a cycle ergometer for 2 hours at 65–75%
V̇O2max to deplete muscle glycogen and to lower
blood glucose. To verify that the subjects were working
at the proper intensity, V̇O2 was determined during the
last 4 minutes of each 15-minute interval during the
ride. A blood sample was taken after 105 minutes of
exercise to determine whether blood glucose had de-
clined below a predetermined level of 4 mmol·L21. If
the blood glucose had not declined below 4 mmol·L21

by the end of 2 hours, subjects performed 5-minute
sprints at 85% of V̇O2max interspersed with 5 minutes
of cycling at 75% V̇O2max until the appropriate blood
glucose concentration was achieved. The maximum
number of sprints required to lower the blood glucose
concentration below 4 mmol·L21 was 4. All subjects
performed the same number of sprints for each of their
treatments. To minimize thermal stress, air was cir-
culated over the subjects with a standing floor fan, and
water (2 ml·kg21 body wt) was provided every 15 min-
utes of exercise. Immediately after exercise and again
2 hours after exercise, the subjects received 355 ml of
a CHO-PRO beverage (Endurox R4, PacificHealth Lab-
oratories, Woodbridge, NJ) or 355 ml of a traditional
6% CHO SB (Gatorade, The Gatorade Company, Chi-
cago, IL). Endurox R4 was selected because the addi-
tion of protein to a carbohydrate supplement will in-
crease the efficiency of carbohydrate to increase the
plasma insulin concentration and promote rapid res-
toration of muscle glycogen after exercise (32, 35). Gat-
orade was selected because it is considered the quin-
tessential SB.

Supplement Ingredients
The manufacturer-suggested serving (355 ml) of the
CHO-PRO beverage contained 53 g carbohydrate and
14 g protein (including 0.42 g of L-glutamine and 1.42
g of L-arginine), providing ;0.8 g CHO·kg21 body wt
and ;0.2 g protein·kg21 body wt. The equivalent serv-
ing (355 ml) of the SB provided 21 g carbohydrate
(;0.3 g·kg21 body wt) and contained no protein. Thus,
during the 4-hour recovery period, subjects received
106 g carbohydrate (;0.40 g CHO·kg21 body wt·h21)
and 28 g protein (;0.10 g protein·kg21 body wt·h21)
with the CHO-PRO beverage while receiving only 42
g carbohydrate (;0.15 g CHO·kg21 body wt·h21) with
the SB. Macro- and micronutrient details for each sup-
plement are presented in Table 1.

Performance Ride (Study 1)
Subjects were prepared for the performance ride dur-
ing the last minutes of the recovery period. The sub-

jects performed a warm-up of 10 minutes at an exer-
cise intensity of 65% V̇O2max followed by a ride to
fatigue at an exercise intensity of 85% V̇O2max. All
timing devices were hidden from the subjects’ view so
as not to bias riding performance. In addition, the sub-
jects were not allowed to stand while cycling. During
the first 5–10 minutes, V̇O2 was assessed to determine
whether adjustments were needed to maintain an ex-
ercise intensity of 85% V̇O2max. If needed, the change
in watts was noted enabling a duplicate adjustment
during the next experimental trial. The subjects were
strongly encouraged to continue as long as possible.
Ratings of perceived exertion were measured using the
Borg Scale (4), which has been validated against heart
rate and is a cognitive assessment of the perception of
exercise stress. Performance was quantified as time to
fatigue with fatigue being defined as the point at
which pedal cadence fell below 60 rpm for 5 seconds.

Physiological Measurements and Tissue Analyses

In study 1, V̇O2 was continually monitored with a mass
spectrophotometer (Perkin-Elmer MGA-1100A, Nor-
walk, CT), as was heart rate. During testing the mass
spectrophotometer was calibrated periodically. Blood
samples (5 ml) were collected in heparinized tubes be-
fore and immediately after the glycogen-depletion ride
and during 60, 120, 180, and 240 minutes of recovery.
Blood concentrations of sodium (mmol·L21), potassium
(mmol·L21), calcium (mmol·L21), hematocrit (%), and
hemoglobin (g·L21) were measured with the IL System
35 (Instrumentation Laboratory Co., Lexington, MA).
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Figure 2. Data from individual subjects and the mean
increase in time to exhaustion in the subsequent exercise
bout. Note that one subject’s performance time decreased
during the carbohydrate-protein (CHO-PRO) treatment.
However, the mean increase represented a 55% gain in
performance time for the CHO-PRO beverage (XCHO-PRO) vs.
the sports beverage (XSB) (p , 0.05).

Percent change in plasma volume was determined us-
ing the method of Dill and Costill (9).

In study 2, V̇O2 was monitored with a computer-
based open-circuit gas analysis system (Max-1 Physio-
Dyne Instruments Corporation, Quogue, NY). As with
the mass spectrophotometer, the gas analysis system
was calibrated periodically during testing. Blood sam-
ples (5 ml) were drawn before and immediately after
exercise and 30, 60, 120, 150, 180, and 240 minutes
after ingestion of the first supplement after exercise.
Four milliliters of blood were transferred to a chilled
test tube containing ethylenediaminetetraacetic acid
(24 mg·ml21, pH 7.4). From this tube 0.5 ml of blood
was transferred to a tube containing 1 ml of 8% perch-
loric acid. Plasma and acid-extract samples were re-
covered by centrifugation (15 minutes at 1,000g) and
stored at 2808 C. Two muscle samples were obtained
through biopsy from the vastus lateralis according to
the technique of Bergström (2). The first biopsy oc-
curred within the first 3 minutes of completing the
glycogen-depletion exercise and the second after 4
hours of recovery. After local anesthesia (1% Lido-
caine-HCl, Elkins-Sinn, Inc., Cherry Hill, NJ), an 8-mm
incision was made through the skin and fascia, 2 in.
from the midline of the thigh and 4 in. above the pa-
tella. The initial incision was used for both biopsy pro-
cedures with the first biopsy sample always taken dis-
tal to the second. Biopsy samples were trimmed of ad-
ipose and connective tissue, frozen in liquid N2, and
stored at 2808 C for subsequent determination of gly-
cogen.

Plasma glucose was assayed using the Trinder re-
action (kit model 315, Sigma Chemical, St. Louis, MO).
Plasma insulin concentration was determined by ra-
dioimmunoassay with the use of a double antibody
procedure (kit modelHI-14K, Linco Inc., St. Charles,
MO). The sensitivity of this assay is 2 mU·ml21, its se-
lectivity for human insulin 100%, and its recovery abil-
ity 95–100%. Insulin samples were counted on a Gam-
ma 5500 counter (Beckman Instruments, Inc., Fuller-
ton, CA). Blood lactate concentration was determined
spectrophotometrically (Beckman DU 640, Beckman)
on the acid extracts according to the enzymatic pro-
cedure of Hohorst (16). For glycogen determination the
biopsy samples were weighed, lyophilized overnight,
reweighed, and digested in 0.5 ml of 1 N KOH for 20
minutes at 708 C. The digest was then neutralized with
0.5 ml of 1 N HCl. To hydrolyze the muscle glycogen
to glucose units, a well-mixed aliquot of the muscle
digest was then transferred and incubated overnight
in 0.3 M sodium acetate buffer, pH 4.8 that contained
5 mg·ml21 amyloglucosidase (Mannheim Boehinger,
Germany). The muscle glycogen concentration was de-
termined fluorometrically (Fluorometer-A4, Farrand
Optical Co., Inc., Valhalla, NY) using an enzymatic as-
say (25) and made relative to muscle dry weight. All
assays were conducted in duplicate.

Statistical Analyses
The data from studies 1 and 2 were analyzed using
either a one-way or two-way repeated measures anal-
ysis of variance depending on the variable being test-
ed. Post hoc analyses were performed using Fischer’s
protected least significant differences test. Statistical
significance was set at the 0.05 probability level for all
tests.

Results
Study 1
Performance Ride Time. The average performance times
after ingesting the CHO-PRO and SB were 31.1 6 3.2
and 20.0 6 2.0 minutes, respectively (Figure 2). One
subject demonstrated a decreased time to exhaustion
during the CHO-PRO treatment as compared with the
SB treatment. Regardless, postexercise consumption of
the CHO-PRO beverage resulted in a 55% increase in
performance time compared with the same volume of
SB (p , 0.05). There was no difference in VE, V̇O2,
heart rate, or respiratory exchange ratio during the
CHO-PRO and SB performance rides. In addition, rat-
ings of perceived exertion and heart rate were not sta-
tistically different when comparing the first and last 5
minutes of either supplement performance trial. This
indicated that the subjects were equally exhausted af-
ter the use of both supplements. However, at 20 min-
utes into the performance trial, subjects having in-
gested the SB were at the upper limit of their rating
of perceived exertion (19.3 6 0.4), whereas subjects
having consumed the CHO-PRO beverage were at a
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Table 2. Blood variables before exercise and during recovery.*

Variable Treatment

Time

Exercise

Before After

Recovery (min)

60 120 180 240

Na1

mmol·L21

K1

mmol·L21

Hct
%
Hb
g·L21

PV
% Change

CHO-PRO
SB
CHO-PRO
SB
CHO-PRO
SB
CHO-PRO
SB
CHO-PRO
SB

137.0 6 0.6
137.5 6 0.7
3.84 6 0.10
3.81 6 0.06
41.5 6 0.7
42.1 6 1.3
141 6 2
143 6 4

141.8 6 1.3
141.6 6 1.3
4.27 6 0.08
4.18 6 0.08
46.4 6 1.2
45.9 6 1.2
155 6 4
154 6 3

216.5 6 2.4
213.8 6 2.6

137.9 6 1.4
138.6 6 1.2
4.09 6 0.08
4.18 6 0.07
39.5 6 1.2
40.6 6 1.4
139 6 4
138 6 3
5.5 6 3.1
7.4 6 5.4

138.4 6 1.0
137.6 6 1.0
3.91 6 0.09
4.08 6 0.08
39.8 6 1.2
38.8 6 1.1
136 6 2
136 6 2
7.0 6 3.2

12.5 6 5.3

137.5 6 0.9
136.6 6 1.1
3.74 6 0.08
3.96 6 0.09
38.5 6 0.9
38.7 6 1.0
133 6 3
134 6 2

11.4 6 2.3
14.1 6 4.4

137.0 6 0.8
136.8 6 0.7
3.85 6 0.11
3.86 6 0.04
41.8 6 1.0
42.4 6 0.9
138 6 3
138 6 3
1.8 6 2.7
4.2 6 4.3

* Values are means 6 SEM. Hct 5 hematocrit; Hb 5 hemoblogin; PV 5 plasma volume; CHO-PRO 5 carbohydrate-protein;
SB 5 sports beverage.

Figure 3. Plasma glucose concentrations before and at the
end of 2 hours of exercise and during the 4-hour recovery
period for subjects receiving the carbohydrate-protein
beverage or the sports beverage (SB). Supplements were
provided immediately and 2 hours after exercise. Values
are means 6 SEM. *Significantly different from SB.

lower rating of perceived exertion (18.4 6 0.4) and
were able to continue exercising (p , 0.05).

Body Weights and Blood Variables. Body weight was
not significantly different between treatments before ex-
ercise (74.3 6 1.5 kg CHO-PRO vs. 74.1 kg SB), im-
mediately after exercise (72.9 6 1.4 kg CHO-PRO vs.
72.5 6 1.4 kg SB), or after the recovery period (73.4 6
1.3 kg CHO-PRO vs. 73.0 6 1.2 kg SB). Changes in
plasma volumes (Table 2) during the CHO-PRO and SB
treatments were also similar. Furthermore, the effects of
these treatments on blood sodium, potassium, hemat-
ocrit, and hemoglobin did not differ during recovery.

Study 2
Plasma Glucose, Insulin, and Blood Lactate. There was no
difference in plasma glucose concentrations during the
2 treatments before (4.2 6 0.1 mmol·L21) and after the
glycogen-depletion exercise (3.4 6 0.2 mmol·L21) (Fig-
ure 3). However, 30 minutes after ingestion of the first
supplement, glucose levels increased by 43.2% above
pre-exercise concentrations in the CHO-PRO treatment
and 18.5% above pre-exercise concentrations in the SB
treatment. Thirty minutes after ingestion of the second
supplement, glucose levels were 43.2 and 12.7% above
pre-exercise levels in the CHO-PRO and SB treatments,
respectively. Plasma glucose concentrations during the
CHO-PRO treatment were significantly elevated (p ,
0.05) above those of the SB treatment at 60 minutes
after the initial supplement and 30 and 60 minutes af-
ter the second supplement feeding, i.e., 150 and 180
minutes after exercise. Thus, ingestion of the CHO-
PRO beverage resulted in a 17% greater plasma glu-
cose response (incremental area under the curve) com-
pared with the SB. Plasma glucose concentrations re-
turned to below pre-exercise values in both the CHO-
PRO (3.6 6 0.3 mmol·L21) and SB (3.4 6 0.2 mmol·L21)
treatments at the end of the 4-hour recovery period.

Plasma insulin levels were similar between treat-
ments before exercise and immediately after exercise
(Figure 4). However, the insulin concentrations of the
CHO-PRO treatment were significantly elevated
above the insulin concentrations of the SB treatment
at 30 and 60 minutes after supplement ingestion. In-
gestion of the CHO-PRO beverage resulted in a 92%
greater insulin response (incremental area under the
curve) compared with the SB. Insulin concentrations
returned to near pre-exercise values in both the CHO-
PRO and SB treatments by the end of the 4-hour re-
covery period.

Blood lactate concentrations for the 2 treatments
were similar before exercise. During exercise, blood
lactate rose from an average of 1.70 6 0.14 to 8.93 6
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Figure 4. Plasma insulin concentrations before and at the
end of 2 hours of exercise and during the 4-hour recovery
period for subjects receiving the carbohydrate-protein
beverage or the sports beverage (SB). Supplements were
provided immediately and 2 hours after exercise. Values
are means 6 SEM. *Significantly different from SB.

Table 3. Muscle glycogen (mmol·g21 dry weight) concen-
trations for muscle biopsy samples taken from the vastus
lateralis immediately after exercise and after the 4-hour re-
covery period.†

After
exercise

After
recovery D

CHO-PRO
Sports beverage

227 6 32
236 6 24

386 6 35*
305 6 32

159 6 18*
69 6 32

† Values are means 6 SEM. CHO-PRO represents carbo-
hydrate-protein beverage containing ;15 g carbohydrate
and ;4 g protein per 100 ml. The sports beverage contained
;6 g carbohydrate per 100 ml. Recovery lasted 4 hours. D
represents the difference between postexercise and postre-
covery glycogen levels. It also reflects the difference in func-
tional glycogen following recovery.

* Indicates significant difference across treatments (p ,
0.05).

0.79 mmol·L21. Blood lactate concentrations were not
different between treatments immediately after exer-
cise or during the 4-hour recovery period.

Muscle Glycogen Storage. Muscle glycogen concen-
trations were similar for both treatments immediately
after exercise (Table 3). During the 4-hour recovery pe-
riod, the rate of muscle glycogen storage was 33.7 6
4.5 mmol·g21 dry weight·h21 for the CHO-PRO treat-
ment and 17.4 6 5.2 mmol·g21 dry weight·h21 for the
SB treatment. Thus, the rate of glycogen storage dur-
ing the CHO-PRO treatment was 128% greater than
that of the SB treatment (p , 0.05).

Discussion
Fallowfield et al. (12) were the first to demonstrate that
supplementing with a carbohydrate-electrolyte bever-
age after prolonged exercise enhances the recovery

process. Their subjects were provided with either 1 g
CHO·kg21 body wt of a 6.9% CHO-electrolyte bever-
age or equal volume of placebo immediately and 2
hours after a 90-minute run at 70% V̇O2max. Subjects
were allowed to recover for 4 hours before a subse-
quent run at 70% V̇O2max to fatigue. During the run
to fatigue, the subjects who received the CHO-electro-
lyte beverage ran approximately 22 minutes longer
than those who received the placebo. A similar finding
was later reported by Wong et al. (34). Thus, the in-
gestion of a CHO-electrolyte beverage is an effective
means of restoring endurance capacity when recovery
time is limited.

In the present study, we compared the effects of a
high CHO-PRO beverage containing electrolytes on
short-term exercise recovery with that of a traditional
6% CHO-electrolyte SB. Providing a beverage contain-
ing a high concentration of carbohydrate and protein
can accelerate the recovery process. This was evi-
denced by our finding that subjects were able to ride
55% longer after receiving the CHO-PRO beverage as
opposed to the traditional SB. The results, therefore,
extend the findings of Fallowfield et al. (12) and Wong
et al. (34) and suggest that the recovery process can
be accelerated beyond that produced by a traditional
SB if additional carbohydrate is provided.

The intensity of the performance ride was 85%
V̇O2max. This exercise intensity is significant because
it cannot be sustained unless sufficient muscle glyco-
gen is present (3, 6), and it suggests that the greater
performance time after the CHO-PRO supplementa-
tion was because of a greater restoration of the muscle
glycogen stores. To test this hypothesis, a second study
was designed to compare the effects of supplementing
with the high CHO-PRO beverage with that of the 6%
CHO SB on muscle glycogen restoration. Muscle gly-
cogen replenishment was in excess of 125% greater af-
ter the CHO-PRO treatment as compared with the SB
treatment. Therefore, in light of the strong relationship
between aerobic endurance and muscle glycogen
stores, the improvement in performance after recovery
with the CHO-PRO beverage may be directly related
to the greater muscle glycogen concentration.

The CHO-PRO beverage used in the present study
contained 2.7 times the amount of carbohydrate (106
g·740 ml21) found in the SB (40 g·740 ml21). Thus, the
CHO-PRO supplement provided ;0.8 g of CHO·kg21

body wt immediately and 2 hours after exercise,
whereas the SB provided ;0.3 g of CHO·kg21 body
wt. In addition to the greater carbohydrate concentra-
tion, the CHO-PRO supplement contained protein and
arginine, which are strong insulin secretogogues (10,
24, 29, 32, 35). The effectiveness of a carbohydrate sup-
plement to enhance muscle glycogen recovery after ex-
ercise is related to the carbohydrate concentration of
the supplement and also to the pancreatic insulin re-
sponse elicited (32, 35). Indeed, in the present study,
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ingestion of the CHO-PRO beverage resulted in a 17%
greater plasma glucose and 92% greater plasma insu-
lin response compared with the SB treatment. Thus,
the greater rate of muscle glycogen storage during the
CHO-PRO treatment compared with the SB was likely
the consequence of great carbohydrate availability as
well as a greater insulin response.

Whether the addition of protein contributed to the
greater rate of glycogen storage is equivocal at this
time (5, 31, 32, 35). However, there is an additional
advantage to adding protein and amino acids to a car-
bohydrate recovery supplement, which is the stimu-
lation of protein accretion (20, 26, 30). This occurs by
virtue of the stimulation of protein synthesis by amino
acids (20, 30) and the inhibition of postexercise protein
degradation by insulin (26).

It is important to note that although total muscle
glycogen concentration after the 4-hour recovery pe-
riod was statistically different between the CHO-PRO
and SB treatments, it represented only a 26% differ-
ence in total glycogen (Table 3). However, total glyco-
gen does not represent functional glycogen, which
may be defined as the glycogen concentration that can
actually be used. Functional glycogen can be ascer-
tained by determining the difference between total
glycogen and the glycogen remaining after fatigue.
Therefore, before the performance trial there appeared
to be approximately twice as much functional glyco-
gen available during the CHO-PRO treatment as com-
pared with the SB treatment (Table 3).

The current findings differ from those of Fallowfield
and Williams (11) and Wong and Williams (33). Fallow-
field and Williams (11) found no difference in postre-
covery exercise performance when 1.0 or 3.0 g
CHO·kg21 body wt were provided immediately and 2
hours after exercise during a 4-hour recovery period.
Likewise, Wong et al. (34) reported that subjects pro-
vided with 50 or 167 g CHO during a 4-hour recovery
period had similar postrecovery exercise performances.
Regarding the study by Fallowfield and Williams (11),
there may be no difference in the postrecovery muscle
glycogen stores. The rate of glycogen storage after ex-
ercise is essentially the same when 1.0 or 3.0 g
CHO·kg21 body wt is provided at 2-hour intervals (19).
Thus, recovery should not be differentially affected by
carbohydrate supplements in excess of 1.0 g·kg21 body
wt. This explanation, however, cannot explain the find-
ing of Wong and Williams (33) because differences in
muscle glycogen storage is expected between supple-
ments of 50 and 167 g of CHO. One possibility for the
different results between the present study and that of
Wong and Williams (33) may reside in the exercise in-
tensities used to assess the degree of recovery. To sus-
tain the exercise intensity used in the present study,
muscle glycogen is essential (3, 6). However, for the ex-
ercise intensity used by Wong and Williams (33), which
was 70% V̇O2max, exercise can be sustained by simply

maintaining plasma glucose within a normal range
even when muscle glycogen stores have been depleted
(8). Thus, the difference in results between the present
study and that of Wong and Williams (33) may be ex-
plained by a difference in dependency on muscle gly-
cogen as substrate during the performance rides.

In addition to restoring the body’s carbohydrate
stores, sports recovery beverages are formulated to off-
set the effects of dehydration, i.e., replacement of fluid
and electrolytes lost in sweat. Addition of carbohydrate
and electrolytes, i.e., sodium, chloride, and potassium,
to a recovery beverage will increase the fraction of the
ingested fluid which is retained, attenuate large urine
outputs, and result in a greater restoration of plasma
volume than water alone (7, 13, 21–23). In the present
study, ingestion of 740 ml of the CHO-PRO beverage or
740 ml of the SB resulted in similar electrolyte and fluid
replenishment with no significant differences in plasma
volume or body weight during recovery. Thus, con-
sumption of the CHO-PRO supplement provided gly-
cogen restoration and greater performance compared
with the traditional SB without preventing rehydration
and electrolyte replenishment. Whether the CHO-PRO
supplement would be as effective as the traditional SB
after exercise that resulted in a substantially greater
state of dehydration is presently unknown.

Practical Applications

The effectiveness of a high CHO-PRO, electrolyte sup-
plement to promote recovery from prolonged, aerobic
exercise was compared with a traditional SB. The rate
of recovery was significantly faster after the intake of
the CHO-PRO supplement as compared with the SB.
This increase in recovery appeared to be related to an
increased rate of muscle glycogen restoration, but oth-
er possibilities cannot be dismissed at this time. Al-
though it has been proposed that increasing the rate
of muscle glycogen restoration after exercise will en-
hance the recovery process, to our knowledge this is
the first study to support such a hypothesis. Thus, our
results strongly suggest that recovery from prolonged
aerobic exercise is best served by a supplement that
can rapidly increase the muscle glycogen stores while
also replacing lost water and electrolytes. It should be
emphasized that rehydration is of primary concern if
substantial water and electrolytes are lost during ex-
ercise. However, this can be solved by consuming ad-
ditional fluid-electrolyte supplements after initiating
the glycogen resynthesis process.

A CHO-PRO supplement may also provide a sub-
stantial anabolic stimulus by virtue of its ability to pro-
mote muscle protein synthesis and slow muscle pro-
tein degradation after exercise. This increases net pro-
tein accretion and possibly speeds repair of damaged
tissue because of sustained intense exercise.

It should be emphasized that CHO-PRO supple-
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ments like the one used in this study are best used
after exercises that result in a substantial depletion of
the muscle glycogen stores. Exercises that do not stress
the muscle fuel stores or result in muscle damage do
not require this amount of carbohydrate or protein for
recovery.
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1. AHLBORG, B.G., J. BERGSTRÖM, J. BROHULT, L.G. EKELUND, E.

HULTMAN, AND G. MASCHINO. Human muscle glycogen con-
tent and capacity for prolonged exercise after different diets.
Foersvarsmedicin 3:85–99. 1967.
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3. BERGSTRÖM, J., L. HERMANSEN, E. HULTMAN, AND B. SALTIN.
Diet, muscle glycogen and physical performance. Acta Physiol.
Scand. 71:140–150. 1967.

4. BORG, G.A. Psychophysical basis of perceived exertion. Med.
Sci. Sport Exerc. 14:377–381. 1982.

5. CARRITHERS, J.A., D.L. WILLIAMSON, P.M. GALLAGHER, M.P. GO-
DARD, K.E. SCHULZE, AND S.W. TRAPPE. Effects of postexercise
carbohydrate-protein feedings on muscle glycogen restoration.
J. Appl. Physiol. 88:1976–1982. 2000.

6. COGGAN, A.R., AND E.F. COYLE. Effect of carbohydrate feedings
during high-intensity exercise. J. Appl. Physiol. 65:1703–1709. 1988.

7. COSTILL, D.L., AND K.E. SPARKS. Rapid fluid replacement fol-
lowing thermal dehydration. J. Appl. Physiol. 34:299–303. 1973.

8. COYLE, E.F., A.R. COGGAN, M.K. HEMMERT, AND J.L. IVY. Mus-
cle glycogen utilization during prolonged strenuous exercise
when fed carbohydrate. J. Appl. Physiol. 61:165–172. 1986.

9. DILL, D.B., AND D.L. COSTILL. Calculation of percentage chang-
es in volumes in blood, plasma and red cells in dehydration. J.
Appl. Physiol. 37:247–248. 1974.

10. FAJANS, S.S., J.C. FLOYD JR., R.F. KNOPF, AND J.W. CONN. Effect
of amino acids and proteins on insulin secretion in man. Recent
Prog. Horm. Res. 23:617–662. 1967.

11. FALLOWFIELD, J.L., AND C. WILLIAMS. The influence of a high
carbohydrate intake during recovery from prolonged, constant-
pace running. Int. J. Sport Nutr. 7:10–25. 1997.

12. FALLOWFIELD, J.L., C. WILLIAMS, AND R. SINGH. The influence
of ingesting a carbohydrate-electrolyte beverage during 4 hours
of recovery on subsequent endurance capacity. Int. J. Sport Nutr.
5:285–299. 1995.

13. GONZALEZ-ALONZO, J., C.L. HEAPS, AND E.F. COYLE. Rehydra-
tion after exercise with common beverages and water. Int. J.
Sports Med. 13:399–406. 1992.

14. HERMANSEN, L., E. HULTMAN, AND B. SALTIN. Muscle glycogen
during prolonged severe exercise. Acta Physiol. Scand. 71:334–
346. 1967.

15. HICKNER, R.C., J.S. FISHER, S.B. HANSEN, S.B. RACETTA, C.M.
MIER, M.J. TURNER, AND J.O. HOLLOSZY. Muscle glycogen ac-
cumulation after endurance exercise in trained and untrained
individuals. J. Appl. Physiol. 83:897–903. 1997.

16. HOHORST, H.J. Determination of L-lactate with LDH and DPN.
In: Methods of Enzymatic Analysis. H.U. Bergmeyer, ed. New
York: Academic Press, 1965. pp. 266–270.

17. HURLEY, B.F., P.M. NEMETH, W.H. MARTIN III, J.M. HAGBERG,
G.P. DALSKY, AND J.O. HOLLOSZY. Muscle triglyceride utiliza-
tion during exercise: Effect of training. J. Appl. Physiol. 60:562–
567. 1986.

18. IVY, J.L., A.L. KATZ, C.L. CUTLER, W.M. SHERMAN, AND E.F.
COYLE. Muscle glycogen synthesis after exercise: Effect of time
of carbohydrate ingestion. J. Appl. Physiol. 64:1480–1485. 1988.

19. IVY, J.L., M.C. LEE, J.T. BROZINICK, AND M.J. REED. Muscle gly-
cogen storage after different amounts of carbohydrate inges-
tion. J. Appl. Physiol. 65:2018–2023. 1988.

20. LEVENHAGEN, D.K., J.D. GRESHAM, M.G. CARLSON, D.J. MARON,
M.J. BOREL, AND P.J. FAKOLL. Postexercise nutrient intake tim-
ing in humans is critical to recovery of leg glucose and protein
homeostasis. Am. J. Physiol. 280:E982–E993. 2001.

21. MAUGHAN, R.J., J.H. OWEN, S.M. SHIRREFFS, AND J.B. LEIPER.
Post-exercise rehydration in man: Effects of electrolyte addition
to ingested fluids. Eur. J. Appl. Physiol. 69:209–215. 1994.

22. NIELSEN, B., G. SJOGAARD, J. UGELVIG, B. KNUDSEN, AND B.
DOHLMANN. Fluid balance in exercise dehydration and rehy-
dration with different glucose-electrolyte drinks. Eur. J. Appl.
Physiol. 55:318–325. 1986.

23. NOSE, H., G.W. MACK, X. SHI, AND E.R. NADEL. Role of os-
molality and plasma volume during rehydration in humans. J.
Appl. Physiol. 65:325–331. 1988.

24. NUTTAL, F.Q., A.D. MOORADIAN, M.C. GANNON, C. BILLING-
TON, AND P. KREZOWSKI. Effect of protein ingestion on the glu-
cose and insulin response to a standardized oral glucose load.
Diabetes Care 7:465–470. 1984.

25. PASSONNEAU, J.V., AND V.R. LAUDERDALE. A comparison of
three methods of glycogen measurements in time. Anal. Bioch-
em. 60:405–415. 1974.

26. RASMUSSEN, B.B., K.D. TIPTON, S.L. MILLER, S.E. WOLF, AND

R.R. WOLFE. An oral essential amino acid-carbohydrate sup-
plement enhances muscle protein anabolism after resistance
exercise. J. Appl. Physiol. 88:386–393. 2000.

27. REED, M.J., J.T. BROZINICK JR., M.C. LEE, AND J.L. IVY. Muscle
glycogen storage post exercise: Effect of mode of carbohydrate
administration. J. Appl. Physiol. 66:720–726. 1989.

28. SHIRREFFS, S.M. Rehydration and recovery after exercise. In:
Nutrition in Sport. R.J. Maughan, ed. Oxford: Blackwell Science,
2000. pp. 256–265.

29. SPILLER, G.A., C.D. JENSEN, T.S. PATTISON, C.S. CHUCK, J.H.
WHITTAM, AND J. SCALA. Effect of protein dose on serum glu-
cose and insulin response to sugars. Am. J. Clin. Nutr. 46:474–
480. 1987.

30. TIPTON, K.D., A.A. FERRANDO, S.M. PHILLIPS, D. DOYLE JR., AND

R.R. WOLFE. Postexercise net protein synthesis in human mus-
cle from orally administered amino acids. Am. J. Physiol. 276:
E628–E634. 1999.

31. VAN HALL, G., S.M. SHIRREFFS, AND J.A.L. CALBET. Muscle gly-
cogen resynthesis during recovery from cycle exercise: No ef-
fect of additional protein ingestion. J. Appl. Physiol. 88:1631–
1636. 2000.

32. VAN LOON, L.J.C., W.H.M. SARIS, M. KRUIJSHOOP, AND J.M.
WAGENMAKERS. Maximizing post exercise muscle glycogen
synthesis: Carbohydrate supplementation and the application
amino acid or protein hydrobysate mixtures. Am. J. Clin. Nutr.
72:106–111. 2000.

33. WONG, S.H., AND C. WILLIAMS. Influence of different amounts
of carbohydrate on endurance running capacity following short
term recovery. Int. J. Sports Med. 21:444–452. 2000.

34. WONG, S.H., C. WILLIAMS, AND N. ADAMS. Effects of ingesting
a large volume of carbohydrate-electrolyte solution on rehy-
dration during recovery and subsequent exercise capacity. Int.
J. Sport Nutr. Exerc. Metab. 10:375–393. 2000.

35. ZAWADSKI, K.M., B.B. YASPELKIS III, AND J.L. IVY. Carbohy-
drate-protein complex increases the rate of muscle glycogen
storage after exercise. J. Appl. Physiol. 72:1854–1859. 1992.

Acknowledgments

We wish to thank Zhenping Ding for his excellent technical
assistance. The study was supported by a research grant
from Pacific Health Laboratories, Inc., Woodbridge, NJ.

Address correspondence to Dr. John L. Ivy,
johnivy@mail.utexas.edu.


