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protein requirements for trained strength athletes. J. Appl. Phys- 
iol. 73(5): 1986-1995,1992.-Leucine kinetic and nitrogen bal- 
ance (NBAL) methods were used to determine the dietary pro- 
tein requirements of strength athletes (SA) compared with sed- 
entary subjects (S). Individual subjects were randomly 
assigned to one of three protein intakes: low protein (LP) = 
0.86 g protein. kg-l. day-‘, moderate protein (MP) = 1.40 g 
protein l kg-l s day-l, or high protein (HP) = 2.40 g pro- 
tein l kg-’ 4 day-’ for 13 days for each dietary treatment. NBAL 
was measured and whole body protein synthesis (WBPS) and 
leucine oxidation were determined from L- [ l-13C]leucine turn- 
over. NBAL data were used to determine that the protein in- 
take for zero NBAL for S was 0.69 g . kg-‘. day-l and for SA 
was 1.41 g l kg-l l day-? A suggested recommended intake for S 
was 0.89 g* kg-l l day-’ and for SA was 1.76 g l kg-l l day-l. For 
SA, the LP diet did not provide adequate protein and resulted 
in an accommodated state (decreased WBPS vs. MP and HP), 
and the MP diet resulted in a state of adaptation [increase in 
WBPS (vs. LP) and no change in leucine oxidation (vs. LP)]. 
The HP diet did not result in increased WBPS compared with 
the MP diet, but leucine oxidation did increase significantly, 
indicating a nutrient overload. For S the LP diet provided ade- 
quate protein, and increasing protein intake did not increase 
WBPS. On the HP diet leucine oxidation increased for S 
These results indicated that the MP and HP diets were nu- 
trient overloads for S. There were no effects of varying protein 
intake on indexes of lean body mass (creatinine excretion, body 
density) for either group. In summary, protein requirements 
for athletes performing strength training are greater than for 
sedentary individuals and are above current Canadian and US 
recommended daily protein intake requirements for young 
healthy males. 

L- [ V3C]leucine; protein turnover; resistance athletes; weight 
lifting; bodybuilders 

THE CANADIAN recommended nutrient intake (RNI) for 
dietary protein does not make allowance for an effect of 
habitual physical activity @a). However, there is now 
substantive evidence to indicate that exercise increases 
protein requirements above the Canadian RN1 (6, 15, 
27-29). It also appears, however, that there is no advan- 
tage to strength athletes of protein consumption at a 
level exceeding intakes of 1.2-1.62 g protein l kg-’ l day-l 
(27, 28). 

Nitrogen balance (NBAL) methodology has tradition- 
ally been used to establish the protein requirements of 

both sedentary (23) and athletic populations (28, 29). 
However, there have been a number of concerns about 
the interpretation of NBAL studies (7, 33, 34). Among 
these are 1) the ability to establish NBAL at protein in- 
takes that are arguably suboptimal (accommodation) 
and 2) the well-documented positive NBAL apparent at 
very high nitrogen intakes, which does not result in the 
expected lean body mass accretion. These issues are of 
particular importance for the athlete involved in the 
strength-resistance type of exercise. A protein intake 
that is too low may result in suboptimal strength/lean 
mass accretion despite maintenance of a positive NBAL 
(accommodation). Although an excessively high protein 
intake (nutrient overload) has not been demonstrated to 
have short- or long-term negative health consequences in 
otherwise healthy people, protein is an expensive food- 
stuff to produce and consume. 

The NBAL method provides information on the net 
balance of all protein synthetic and catabolic processes 
in the body, but not their quantitation. This limitation, in 
combination with the interpretive concerns outlined 
above, has led to an interest in the use of stable isotope 
methods to determine amino acid (33, 34) and protein 
requirements (15, 35). It has been suggested that, when 
stable isotope methods are used, the determination of the 
protein intakes at which amino acid oxidation exponen- 
tially increases and/or the intake at which protein syn- 
thesis plateaus would be a more “physiological” measure 
of protein requirements than NBAL methods (35). 

Urea excretion has been shown to increase in response 
to an elevated dietary protein intake in resistance- 
trained athletes (8, 28), suggesting that amino acid oxi- 
dation was increased. It is also known that the activity of 
branched-chain ketoacid dehydrogenase is increased in 
response to a high protein intake (1). This would facili- 
tate the oxidation and subseq 
crea sed amino group delivered 

uent 
to th 

excreti .on of the in- 
.e liver. These obser- 

vations suggest that protein consumed in exe ess of need 
is oxidized and excreted and is not stored as lean body/ 
muscle mass. Therefore, the point at which amino acid 
oxidation and/or urea production increases dispropor- 
tionately to additional protein intake may help to further 
define protein requirements (35). 

The purpose of the pres ient study was to dete lrmine the 
protein requirements for both sedentary and strength- 
training men by examining NBAL and leucine turnover 
[oxidation, whole body protein synthesis (WBPS), flux, 
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TABLE 1. Physical characteristics of the subjects exchanges to modify their habitual diet to match the pro- 
tein and energy intake of the given diet period. They then 

SA S 
(n = 7) (n = 6) B 

consumed a 4-day meat-free diet from a checklist of 
foods that was identical in composition to that given in 

&f% Yr 21.6t1.5 24.5t3.6 NS the final 3-day NBAL period. During the checklist pe- 
Weight, kg 85.4t7.3 84.9k11.4 NS 
Height, cm NS 

riod, subjects were given scales and measuring cups, and 
179.7t7.9 178.9M.l 

Body fat, % 9.8t2.7 20.8t2.3 CO.001 
-30% of their energy and protein was provided as a de- 

Lean mass, kg 77.2t6.5 66.9t7.5 <O.Ol fined formula and supplement (see below). During the 
Physical activity* 4-day checklist period, it was determined from the food 

Duration, h/wk 9.7t2.8 0.2to. 1 <O.OOl records that they consumed 99.5 t 2.2% of the required 
Length, mo 6.6t3.7 NS NS 
Strength,“f N l m 92.9t7.5 68.2-t 15.0 <U.OOl 

protein intake. 
During the final 3-day NBAL period, food was pro- 

Values are means t SD for all diet periods. SA, strength athletes; S, vided in a prepackaged form, with each item weighed to 
sedentary control subjects. * Consistent weight training immediately 
before study. 7 Isometric dominant-arm flexor strength (joint angle = 

to.05 g on a digital scale (E400D, Ohaus, Florham Park, 
- 

100°). $ Between-group comparisons. 
NJ). Each diet consisted of a combination of three major 
food categories: 1) defined formula diet (Nutren, Clintec 

protein breakdown] in response to three levels of dietary 
protein intake [low protein (LP) = 0.86 g l kg-l l day-‘; 
moderate protein (MP) = I.40 g + kg-’ . day-l; high pro- 
tein (HP) = 2.4 ge kg-l l day-l]. 

METHODS 

Subjects. Two groups of young males volunteered for 

Nutrition, Mississauga, Ontario) supplying Z&50% of 
the total energy intake (EIN); 2) supplement of either 
glucose polymers (Polycose, Ross Laboratories, Colum- 
bus, OH; O-30% of E,,) or whey protein hydrolysate 
(Ross Laboratories; O-32% of EIN); and 3) miscellaneous 
foods (spaghetti, jam, whole wheat bread, cookies, mar- 
garine, apple juice, lettuce, corn flake cereal, 2% milk, 
peanut butter; 35-65% of E,,). Subjects were instructed 

the study, and informed written consent was obtained to adhere strictly to each diet; they were permitted to 
after subjects were advised of the risks and benefits of consume water ad libitum and could have up to three 
participation in accorda rice with the McMaster Univer- 
sity Research A .dvisory Committee. One group (n = 7) 
habitually ( >4 dayslwk) performed exercise to increase 
strength (> 70% of total exercise as circuit weight train- 

cups of coffee and/or 750 m 1 of diet soda per day (except 
on the morning of the fin .a1 test day). Subjects recorded 
consumption of all foods and liquids, and reported pro- 
tein intake compliance was >98%. Compliance was max- 

ing) for 22 mo before the study and were designated as imized by having the subjects check off all foods immedi- 
‘(Strength athletes” (SA) because of the nature of their ately after consumption and report to the testing center 
training. Two subjects were football players, two were at least twice over the NBAL period to deliver urine sam- 
rugby players who were lifting weights in the “off sea- ples. 
son,” and the other three performed weight lifting exclu- Group S maintained their physical inactivity during 
sively for 3 mo before the study. A second group (n = 6) 
consisted of sedentary age-matched control subjects (S). 
All subjects were apparently healthy, as determined by 
medical history and semiquantitative urinalysis [pH, 
leukocytes, protein, glucose, ketones, blood, and hemo- 
globin (Chemstrip 5L, Boehringer Mannheim, Laval, 
Quebec)]. Group characteristics are given in Table 1. 

ExperimentaE protocol. All subjects participated in 
three different experiments, each of 13 days, with a mean 

each H-day diet treatment and remained sedentary (no 
activities except those required to perform activities of 
daily living) during each ri-day adaptation and NBAL 
period. Group SA performed their habitual activity dur- 
ing the adaptation phases (10 days, 70% circuit weights/ 
30% rugby drills in 4 subjects and 100% circuit weights in 
the other 3 subjects). During day 1 of the NBAL period, 
group SA performed their habitual circuit weight routine 
and kept a training log to minimize intertest variability. 

&day (range 3- to 3%day) ad libitum washout diet period. On day 2 of the NBAL period, SA subjects performed a 
During each experimental period the subjects were ran- standardized whole body circuit-weight routine on a mul- 
domly (counterbalanced) assigned dietary protein at one tistation apparatus (Global Gym, Weston, Ontario). The 
of three levels: LP, a protein intake considered low for routine has recently been described in detail (28); it con- 
SA (28) and equal to the Canadian RN1 for protein (0.86 sisted of three groups of three exercises performed at 
g protein l kg-l l day-l) (20); MP, a moderate protein in- 75% of each individual’s one repetition maximum (3 sets 
take considered adequate for SA (1.4 g protein l 

kg-l l day-l) (28); and HP, a high intake considered to be 
a nutrient overload for SA (2.4 g protein l kg-’ l 

of 10 repetitions). Each circuit group of three exercises 
was completed before the next circuit group was begun. 
The routine was completed in 4 h, and subjects fin- 

day-l) (27,28). The diets provided energy to match each ished 23.0 t 2.1 h before the midpoint of the leucine infu- 
individual’s habitual intake as determined from weighed sion protocol (see below) on NBAL day 3. 
food records collected immediately before the study, On day 3 of the NBAL period, each subject reported to 
for which nutrient analysis was performed using the the testing center at 0830 h in the fed state (because of 
computer program N-Squared Nutritionist III (Silver- scheduling problems 1 subject in each group began at 
ton, OR). 1630 h under all 3 diet treatments). A portion of defined 

All subjects completed the three 13-day experimental formula with or without glucose polymers or protein 
periods. Each 13-day period began with a 6-day phase, powder was consumed at 30-min intervals 2 h before the 
when subjects were instructed to follow provided food start of the infusion protocol (see below) and continuous 
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for 4.5 h. The total energy and protein consumed over the 
period was equivalent to 50% of each individual’s daily 
protein and energy intake during the given diet alloca- 
tion. 

Infusion protocol. Subjects rested in a supine position 
at an ambient temperature of 23-25*C for 10 min before 
a 5-min gas sample was obtained in a 150-liter meteoro- 
logical balloon. Over the 5-min period, CO, production, 
0, uptake, and the respiratory exchange ratio (RER) 
were determined from nine consecutive 20-s on-line mea- 
surements by use of an open-circuit computerized acqui- 
sition system (Alkin Systems, Hamilton, Ontario) inter- 
faced with a pneumotachometer (Validyne, Northridge, 
CA), and a 0, analyzer (Rapox, Bilthoven, The Nether- 
lands), and a CO, analyzer (Hewlett-Packard, Palo Alto, 
CA). The system was calibrated with a known O&O, gas 
mixture before each measurement. The intratest (39 X 4 
measures every 30 min) coefficient of variation (CV) of 
this system was 7.1% and the intertest (13 subjects X 3 
trials separated by -20 days) CV was 7.9% for the deter- 
mination of CO, production. Two gas samples were in- 
jected into 20-ml evacuated tubes (Vacutainer, Ruther- 
ford, NJ) for subsequent determination of background 
breath 13C0,_to-12C0, ratios as described below. 

A 22-gauge plastic catheter was inserted into a dorsal 
hand vein, and an arterialized (60 t 5”C, hot box) sample 
was obtained for subsequent determination of plasma CY- 
[ 13C] ketoisocaproic acid (a-KIC) enrichment and cre- 
atine phosphokinase (CPK) activity (see below). A 20- 
gauge plastic catheter was inserted in a retrograde man- 
ner into a contralateral proximal forearm vein for 
isotope infusion. Priming doses of 99% 13C isotopes 
(MSD Isotopes, Pointe Claire, Quebec), L- [I -13C] leucine 
(1 mg/kg) and [13C]NaHC03 (0.295 mg/kg), were mixed 
immediately before administration and infused over 1 
min to prime the respective pools (26, 31). These were 
immediately followed by a continuous infusion of L-[ l- 
13C]leucine (1 mg l kg-l l h-l) for 3.5 h, delivered by a cali- 
brated syringe pump (Harvard Apparatus, Boston, MA). 
All isotopes were from the same batch, and leucine was 
diluted to - 15 mg/ml with sterile normal saline and mi- 
crofiltered (0.2 pm, Gelman Sciences, Ann Arbor, MI) 
immediately before infusion. 

After 2 h [to establish an isotopic plateau (26,31)], gas 
and blood samples were obtained every 30 min for 90 min 
(t = 0, 30, 60, 90). At isotopic plateau, the CV of the 
plasma a-KIC enrichment was 6.4 and 3.8% for the 
breath enrichment over the duration of the experiment. 
All blood samples were collected in heparinized tubes, 
centrifuged immediately, and stored at -7O*C for subse- 
quent determination of a-[13C]KIC enrichment. All gas 
samples were stored at room temperature, and the CO, 
was cryogenically trapped within 7 days for subsequent 
determination of breath 13C02/12C02 enrichment by use 
of a gas-isotope ratio mass spectrometer (VG Isogas, 
SIRA 10, Cheshire, UK) at a mass-to-valence ratio (m/z) 
of 44/45, as described previously (26). Our intra-assay 
CV was 0.89%, and the interassay CV was 1.25% over a 
range of sample enrichments from 0.002 to 0.025 atom 
percent excess (APE). 

Strength measurements. After the isotope infusion, the 
isokinetic elbow flexor strength was determined for the 

dominant arm at 0*/s (joint angle = loo*), 30*/s, and 
180*/s on an isokinetic dynamometer (Cybex II, Ron- 
konkona, NY). 

Lean body muss. Lean body mass (LBM) was deter- 
mined by hydrostatic weighing, and residual lung volume 
was estimated by helium dilution (W. E. Collins, Brain- 
tree, MA). The percent body fat was estimated from the 
equation: [ 495 /(density)] - 450 (28). The subjects were 
weighed in the same shorts and tee shirt (measured 
weight of 300 g) each time on an electronic scale accurate 
to +lO g (Mott Scales, Brantford, Ontario). The CV for 
determining LBM with this method was 1.3% for a total 
of 13 subjects tested ~13 days apart with three determi- 
nations for each subject. 

NBAL. During the 3-day NBAL period, daily urine 
samples were collected in 4-liter containers pretreated 
with 5 ml of glacial acetic acid. Samples were kept at 
<4OC by the subjects and delivered to the testing center 
within 48 h. After volume determination, aliquots were 
taken and stored at -7O*C for subsequent determination 
of total nitrogen (TN), urea nitrogen (UN), and creati- 
nine. Compliance was determined by creatinine excre- 
tion (no significant within-group diet differences), and 
successful adaptation to each diet was confirmed by daily 
UN measurements (no significant slope in day-to-day 
within-group measurements). 

Fecal samples, collected between carmine markers, 
were kept frozen by the subjects and delivered to the 
testing center within 48 h of completion of the period. 
Each collection was weighed, diluted with distilled water 
( m 50%)) homogenized, lyophilized, ground, and stored 
for TN analysis. 

Exercise and resting sweat nitrogen (N) losses at dif- 
ferent protein intakes were estimated for SA from the 
mean data of several recent studies (27, 28). Resting 
sweat N losses were estimated for group S from recent 
data (28). Miscellaneous N losses (from semen, tooth 
brush, toilet paper, plate, hair, blood sampling, N, gas) 
were estimated at 140 mg N/day per subject in both 
groups (2). 

Three diets (-3,000 kcal), representative of each of 
the three protein intakes, were prepared from the same 
type of foods that were consumed during the study pe- 
riod. Twenty percent of each dietary component was ho- 
mogenized for 10 min, lyophilized, ground, and analyzed 
for TN and combustible energy content. 

Apparent NBAL was calculated as the difference be- 
tween nitrogen intake (NZN) (diet) - N excretion (urine + 
feces + sweat + miscellaneous losses) (26). 

Biochemical analyses. TN content of the diet, urine, 
and fecal samples was determined by use of the micro- 
Kjeldahl technique (K,SO,-Se catalyst, Kjeltec System, 
Hoganas, Sweden). The intra-assay CVs for diet, urine, 
and feces were 4.4, 5.8, and 3.8%, respectively, and the 
interassay CVs were 9.2,1.1, and 5.0%, respectively. The 
ratio of the measured to calculated N was 1.06,0.98, and 
0.99 for the LP, MP, and HP diets, respectively (with the 
assumption of mixed proteins as 16% N by weight). 

The combustible energy content of each diet was de- 
termined by adiabatic bomb calorimetry (Parr Instru- 
ments, Moline, IL). To convert from metabolizable en- 
ergy (diet calculations) to gross energy, the percent me- 
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tabolizable energy contributions of carbohydrate, fat, 
and protein were multiplied by 1.00, 1.03, and 1.43, re- 
spectively (16). The intra-assay CV of the bomb calorime- 
ter was 1.6%. The ratio of measured to calculated gross 
energy content of the LP, MP, and HP diets was 0.99, 
0.95, and 1.08, respectively. All N and energy data given 
in tables and figures are expressed as the measured 
values. 

Urine UN was determined using the urease-phenol 
method (kit 640, Sigma Chemical, St. Louis, MO). The 
intra- and interassay CVs were 4.0 and 7.6%, respec- 
tively. Creatinine was determined using a calorimetric 
picric acid method (kit 555, Sigma Chemical). These in- 
tra- and interassay CVs were 3.0 and 9.9%, respectively. 

Plasma cy- [13C]KIC enrichment in o-trimethylsilyl 
quinoxalinol derivatives was determined by capillary gas 
chromatography-mass spectroscopy [GC-MS (model 
5890, Hewlett-Packard GC, Avondale, PA); VG trio-2 
MS (Cheshire, UK)] with electron impact ionization (ml 
z = 232-l/233.1), as described previously (26). The o-tri- 
methylsilyl quinoxalinol derivative was prepared using a 
modification of standard procedures, as previously de- 
scribed (26). The intra- and interassay CVs were 0.81 and 
0.42%, respectively. 

Cukulations. Whole body leucine kinetics-total leucine 
flux (Q) was calculated using the reciprocal pool model 
(from a- [ 13C] KIC values) (11) at isotopic plateau, as pre- 
viously described (11,14,26). Leucine oxidation was cal- 
culated from established equations (14,26), with use of a 
fed state bicarbonate retention factor of 0.83 (28). 

The leucine oxidation values were corrected for 
changes in background breath 13C0,/12C0, enrichment 
due to the dietary intervention (24, 30) by studying two 
subjects under LP and HP diet conditions with no tracer 
infusion. The acute effect of the dietary intervention was 
to increase breath 13C0, enrichment significantly (P < 
0.01) (LP, increase of 0.0018 APE during first 120 min 
and to 0.0027 APE by the end of 210 min; HP, increase of 
0.0017 APE at first 120 min and to 0.0024 APE by end of 
210 min) with no between-trial effects. During the LP 
diet these changes accounted for a maximum of 15.8%, 
and during the HP diet for 9.0%, of the APE changes 
during the leucine infusion. A mean of the two values was 
used for the MP diet trial. 

The rate of appearance of endogenous leucine was de- 
termined from total leucine flux (Q) - dietary leucine 
intake [I(1 - fo)]. The I value was derived from the ex- 
pected rate of appearance of exogenous a-KIC into the 
hepatic vein after an oral feeding (fo) with casein and 
whey protein (85% of dietary leucine; I of 0.85) (3, 9). 
Therefore, the rate of endogenous leucine appearance 
was used as an indicator of whole body protein break- 
down, and nonoxidative leucine disposal (NOLD) was 
used to estimate WBPS (14, 25) according to the model 
in which & = synthesis (S) + oxidation (0) = dietary 
intake (I) + protein breakdown (B) (l4), with an average 
tissue leucine content of 590 pm01 leucine/g protein (14, 
31). The validity of NOLD as an indicator of WBPS has 
been established in rats by use of a protein synthesis 
inhibitor (25). 

Statistical analyses. The phy sical characteristi .cs of the 
subjects were compared using an independent t test. All 

TABLE 2. Hubituul and treatment dietary characteristics 

SA 
(n = 7) 

S 
(n = 6) P” 

Energy intake, 
kcal l kg-l * day-’ 

HA3 
LP 
MP 
HP 

Protein intake, 
g l kg-’ 9 day-l 

HAB 
LP 
MP 
HP 

%Energy intake 
HAB 
LP 
MP 
HP 

43.Ok9.4 
42.1H3.7 
43.7k9.0 
43.6k9.2 

1.77t0.38” 
0.89+0.02b 
1.42t0.08” 
2.32tO.09” 

(16, 49, 32, 3) 
(08, 65, 27, 0) 
(14, 60, 27, 0) 
(22, 48, 30, 0) 

30.0t4.6 
31.6t5.4 
31.3t3.9 
34.01-2.7 

1.21-tO.29” 
0.90~0.02b 
1.41t0.04” 
2.37t0.03d 

(16, 48, 34, 2) 
(11, 66, 23, 0) 
(19, 56, 25, 0) 
(28, 42, 30, 0) 

x0.01 
KO.01 
co.01 
<O.Ol 

co.05 
NS 
NS 
NS 

NS 
NS 
NS 
NS 

Values are means + SD. HAB, habitual intake; LP, low protein; MP, 
medium protein; HP, high protein. %Energy intake of total from pro- 
tein, carbohydrate, fat, and alcohol, respectively, in parentheses. 
a-d Within-subject comparisons; values within each subject group with 
different superscript letters are significantly (P c 0.05) different from 
each other. e Between-subject comparisons. 

other data were analyzed using a two-way between- 
within split-plot analysis of variance with diet (LP vs. 
MP vs. HP) as the within-subject variable and group (SA 
vs. S) as the between-subject variable. When a signifi- 
cant within-group F ratio was obtained, the location of 
pair-wise differences was performed with the Tukey post 
hoc test. P 5 0.05 was taken to indicate significance. All 
data are means t SD. 

RESULTS 

Dietary analysis. The data for the habitual intakes and 
the intakes of subjects during each diet phase are given in 
Table 2. There were no significant effects of diet treat- 
ment on total EIN, but, as expected, the E,, was signifi- 
cantly (P < 0.01) greater for SA than for S. SA habitually 
consumed more protein than did the S (P <: 0.05). There 
were no differences between the groups in measured pro- 
tein intake during the experimental protocol. For the SA, 
the habitual protein intake was not different from the 
MP diet but was greater (P < 0.05) than for the LP diet 
and less (P < 0.05) than for the HP diet. For S, the habit- 
ual protein intake was significantly different (P < 0.05) 
from all of the diet treatments. There were no significant 
group differences for the %E,, of protein, carbohydrate, 
and fat. The %EIN from protein increased significantly 
(P < 0.05) and the %E,, from carbohydrate decreased 
significantly (P < 0.05) for both groups from LP to MP to 
HP diets (Table 2). 

IBM, CPKactiuity, and strength. There were no effects 
of diet treatment on either LBM or urinary creatinine 
excretion for either group (Table 3). The CV for creati- 
nine excretion over the diet treatments was 4.3% for SA 
and 2.9% for S. Both LBM and urinary creatinine excre- 
tion values were significantly greater for SA than for S 
(P < 0.01). Isokinetic strength was greater in SA than S 
on all diet treatments and at all velocities, but there were 
no diet treatment effects on strength for either group 



1990 PROTEIN REQUIREMENTS FOR STRENGTH ATHLETES 

TABLE 3. Effects of dietary treatment and activity on 
lean body mass, urinary creatinine excretion, isokinetic 
strength, and plasma CPK activity 

SA S 
(n = 7) (n = 6) P* 

Lean body mass, kg 
LP 77.3k7.1 66.6t7.9 <O.Ol 
MP 77.726.6 67.3t8.4 co.01 
HP 76.6k6.7 67.9t8.5 <o-o1 

Creatinine excretion, mmol/day 
LP 14.Ot3.6 10.7t2.4 co.01 
MP 14.6t3.8 11.3t3.4 <O.Ol 
HP 13.4k2.4 11.2t2.2 <O.Ol 

Isokinetic arm-flexor strength, N. m 
O”/s 

LP 92.726.1 65.5t15.4 co.01 
MP 95.9t6.0 64.0215.6 <O.Ol 
HP 9O.Ok9.7 75.1t14.2 ~0.05 

30” /s 
LP 81.4tl0.5 54.8tl5,6 co.01 
MP 76.6kll.2 53.Ort15.0 co.05 
HP 74.lt7.4 55.5UO.6 ~0.01 

18O”/s 
LP 55.324.6 39.3kl2.9 <0.05 
MP 58.6k7.2 41.5k7.7 -co.05 
HP 55.9Ik7.1 43.3t6.1 x0.05 

CPK activity, U/l 
LP 163tl24 60+50 X0.01 
MP 163t99 57241 <O.Ol 
HP 186t132 66+51 <O.Ol 

Values are means + SD. CPK, creatine phosphokinase. Isokinetic 
strength decreased significantly (P < 0.05) for both groups as speed 
increased. * Between-subject comparisons; there were no significant 
within-subject (diet effect) differences for any of these variables. 

(Table 3). SA had significantly (P < 0.01) greater plasma 
CPK activity than S, but there were no diet treatment 
effects (Table 3). This finding helped to confirm the con- 
sistency of SA training and the fact that S did not do any 
strenuous activity. 

ABAL. The mean NBAL was negative for $A on the 
LP diet (5 of 7 subjects negative) and was positive for S 
(Table 4). NIN, urinary N excretion, TN excretion, and 
NBAL increased significantly (P < 0.01) from LP to MP 
to HP diets for both groups, with no between-group dif- 
ferences (Table 4). For SA there was no effect of NIN (i.e., 
diet) on fecal N loss, but for S, fecal N losses were greater 
for the HP diet than for MP and LP diets (P < 0.05; 
Table 4). Adaptation to the N,, during each of the NBAL 

TABLE 4. Nitrogen balance summary 

periods was confirmed by the lack of a significant day-to- 
day change in urinary UN excretion. In addition, the 
slopes of the lines joining the days for each diet, in each 
subject group, were not significantly different from zero. 
Urinary UN excretion was significantly (P < 0.01) 
greater for HP than for MP and LP diets (Fig. 1). Com- 
pleteness of the 3-day pooled urine sample between diet 
periods was confirmed by the low CVs for urinary creati- 
nine excretion of 4.2 and 2.9% for SA and S, respectively, 
and by the lack of a significant (P > 0.05) within-treat- 
ment day-to-day effect. 

The protein intake to achieve NBAL was interpolated 
from multiple regression analysis of N,, (g . kg-l l day-l) 
vs. NBAL (mg N l kg-l l day-l) for both groups (SA: 
NBAL = -71.6 + 50.9 (protein intake), SD = 9.99, ? = 
0.58; S: NBAL = -16.8 + 24.3 (protein intake), SD = 
5.47, ? = 0.55; Fig. 2). The protein intake to achieve zero 
NBAL was 1.41 go kg-l. day-l for SA and 0.69 
g . kg-l l day-l for S (104% greater for SA). With a safety 
margin of tl SD, the requirement was calculated to be 
1.76 and 0.89 g protein. kg-l 4 day-l for SA and S, respec- 
tively (98% greater for SA). 

Leucine turnover. WBPS was significantly greater for 
SA than for S (P < 0.05). There was a significant interac- 
tion for WBPS between treatment and subject groups 
(P < 0.05). Post hoc analysis revealed that there was a 
significant increase (P < 0.01) in WBPS for SA from LP 
to both MP and HP, with no significant difference be- 
tween MP and HP diets (Fig. 3A). There were no differ- 
ences in leucine oxidation between the groups, and both 
demonstrated significantly (P < 0.001) increased oxida- 
tion for the HP diet compared with both MP and LP 
diets (Fig. 3B). There was a significant correlation be- 
tween leucine oxidation and urinary urea excretion (r = 
0.965, P < 0.001). 

& was significantly (P < 0.001) greater for SA than S. 
Q for SA was significantly greater for HP than for MP 
and LP (P < 0.01) and for MP.than for LP (P < 0.05). Q 
for S was significantly greater for HP than for MP and 
LP (P < 0.05) (Fig. 4A). Protein breakdown was signifi- 
cantly (P < 0.01) greater for SA than for S (Fig. 4B). 

The protein turnover data were also analyzed relative 
to LBM of the subjects. The values for WBPS were 
SALP = 187.0, SAMP = 235.9, SAHP = 261.3, SLP = 
153.8, SMP = 185.2, and SHP = 190.2 mg l kg-‘. h-l. 

N Excretion, g/day 

N Intake, 
g/day Urine Feces 

Sweat + 
miscellaneous 

losses 
Total 
losses Balance 

SALP 
SAMP 
SAHP 
SLP 
SMP 
SHP 

12*2t1.0a 1 l.Ot2.4” 2.0t0.5” 1.64 14.6t2.6” -2.4t3.1* 
19.9+2.4b 15.3k2.4b 2.1~10.5” 1.87 19.2+2.3b +0.7+l.5b 
31.9t3.2” 23.5t3.1” 2.6t0.2” 1.99 28.1+3,2” +3.8t2.3” 
12.2t1.6” 9.8tl.3” 1.5tO.l” 0.49 11.8t1.3” +0.4tl.2” 
19.6+2.gb 15.3+2.5b 1.7t0.2” 0.87 17.9k2.6b +l.7+l.2b 
32.2t4,3” 25.0t4.2” 2.3a1.4b 1.42 28.8+4.2” +3.4*1.4” 

Values are means t SD. N, nitrogen. SALP, SAMP, and SAHP, strength athletes on low protein, moderate protein, or high protein diets, 
respectively; SLP, SMP, and SHP, sedentary subjects on LP, MP, or HP diets, respectively. Sweat and miscellaneous values were obtained from 
Refs. 2,26, and 27. Within-group comparisons; values within groups with different superscript letters are significantly (P < 0.01) different from 
each other. 
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FIG. 1. Effect of dietary intervention and habitual activity (subject 
group) on daily urinary urea nitrogen excretion during nitrogen bal- 
ance (NBAL) periods. SA, bodybuilders; S, sedentary control subjects; 
LP, low protein diet; MP, medium protein diet; HP, high protein diet. 
* Urinary urea nitrogen excretion increased significantly (P < 0.01) 
from LP to MP to HP diets. There were no significant day-to-day 
changes in urinary urea excretion, indicating dietary adaptation. 

The values for protein breakdown were SALP = 205.1, 
SAMP = 266.6, SAHP = 252.8, SLP = 180.9, SMP = 
178.9, and SHP = 173.1 mg l kg-l l h-l. The values for Q 
were SALP = 159.4, SAMP = 201.6, SAHP = 266.7, 
SLP = 148.7, SMP = 178.8, and SHP = 224.8 ,umol. 
kg-l. h-l. There were no effects on the results of the sta- 
tistical analyses, but the between-group differences were 
not as great. For WBPS, protein breakdown, and &, 
LBM accounted for 24,28, and 42%, respectively, of the 
observed between-group differences. These results are 
important for the interpretation of the data, but the val- 
ues in the text and figures have been expressed relative to 
total body weight for interstudy comparison purposes. It 
should be noted that WBPS and protein breakdown are 
expressed in milligrams per kilogram per day, whereas 
leucine oxidation and Q are expressed in micromoles per 
kilogram per day. 

DISCUSSION 

The current findings demonstrated that young men 
performing predominantly strength exercise required a 
habitual dietary protein intake greater than that re- 
quired by age-matched sedentary control subjects and 
greater than the protein intake considered safe for 97.5% 
of the Canadian population (0.86 g. kg-’ l day-l) (20). 
The protein turnover data supported the calculated pro- 
tein intake determined by NBAL methods. In addition, 
the protein turnover data provided information to sup- 
port the argument that an excessive (2.4 g pro- 
tein l kg-‘. day-l) protein intake compared with an ade- 
quate (1.4 g protein l kg-l l day-l) does not result in an 
increased WBPS in strength-trained athletes. Dietary 
protein consumed in excess of requirements is oxidized 
as energy and is not deposited as body proteins, a finding 
that supports previous observations (33, 34). 

The lower rate of WBPS for SA on the LP diet com- 
pared with MP and HP diets provided evidence that a 
protein intake of 0.89 g l kg-l l day-l was inadequate for 
young men performing strength exercise. This level of 
protein likely resulted in an accommodated state for SA, 
which mieht lead to subo&imal Drotein (muscle) rrains in 

the long term. In addition, five of the seven SA were in 
negative NBAL on the LP diet, which confirmed that 
such a protein intake level was suboptimal during 
strength training for most individuals. The protein in- 
take for the LP diet was very close to the Canadian RN1 
of 0.86 g protein l kg-l . day-l for men 219 yr of age (2a). 
This implies that the Canadian RN1 for protein may not 
be an optimal or “safe” dietary intake for young men 
habitually performing strength exercise. 

For the SA group, the MP diet (1.41 g pro- 
tein 9 kg-l. day-l) was likely close to the optimal physio- 
logical requirement (adaptation), whereas the HP diet 
(2.32 g protein l kg-l . day-l) represented a nutrient over- 
load (34) inasmuch as an increase in WBPS from MP to 
HP diets did not occur. The fact that the S group did not 
show a significant increase in WBPS with increasing 
protein intake led us to conclude that the LP diet (0.90 g 
protein l kg-’ . day-l) was at or above their physiological 
protein requirement. This is an expected finding for the 
S subjects because the Canadian RN1 for protein is 0.86 
g. kg-‘. day-l (2a). In humans, the determination of the 
dietary protein intake at which WBPS plateaus may be a 
useful indicator of protein requirements (33-35). In fed 
sedentary males, WBPS increased with graded protein 
intake, and no plateau was observed (17). However, in- 
takes of O&0.6, and 1.5 g protein l kg-’ l day-l were used 
in that study, and the 0.6 go kg-l l day-l level may have 
been marginal, resulting in an accommodated state with 
a reduction in WBPS despite a positive NBAL (clearly 
the 0.1 g l kg-’ l day-l diet was deficient in protein) (17). 
The results of the present and the aforementioned (17) 
studies support the prediction that a protein intake at 
about the Canadian RN1 (0.86 g l kg-l. day-‘) (2a) is ap- 
propriate for sedentary men in the age range studied 
(19-30 yr). 

The quantitative measures of neither LBM nor arm 
muscle strength showed reductions consequent to the 13 
days on the LP diet. This may indicate either a preserva- 
tion of muscle mass at the expense of other body protein 
compartments or an inability to detect LBM changes 
over the 13-day period with the methods employed. Both 
explanations are plausible. First, it is known that rat skel- 
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FIG. 2. Plot of protein intake vs. nitrogen balance for both groups. 
Predicted protein intake for 0 NBAL was interpolated from generated 
regression equations. See Fig. 1 legend for definitions and text for cal- 
culated protein intakes. 
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FIG. 3. A: whole body protein synthesis (WBPS). 
* For SA, WBPS increased significantly on diets MP 
and HP vs. diet LP. p WBPS was significantly (P -C 
0.05) greater for SA than for S. B: leucine oxidation. 
* Leucine oxidation was significantly (P < 0.01) greater 
for both groups on HP diet vs. MP and LP diets. There 
were no between-group differences. 

HP 

eta1 muscle can hypertrophy under the extreme condi- skeletal muscle at the expense of other tissues during 
tions of starvation, diabetes, and hypophysectomy in re- periods of protein deprivation. Second, the NBAL data 
sponse to tenotomy of synergistic muscles (4, 5). Thus would predict a loss of 1.13 kg LBM for the SA group on 
muscle contraction per se may have a sparing effect on the LP (vs. MP) diet, but the measured LBM decreased 
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FIG. 4. A: total leucine flux. Flux was significantly 
(* P < 0.01) greater for SA than for S. For S, flux was 
significantly (‘f P < 0.05) greater on MP and HP diets 
than on LP diet. For SA, flux was significantly (t P < 
0.05) greater for MP than LP diet and was signifi- 
cantly (* P < 0.01) greater for HP than for either MP 
or LP diet. B: protein breakdown. Rate of endoge- 
nous leucine appearance was significantly (* P < 
0.01) greater for SA than for S. 
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by 0.4 kg, leaving 0.73 kg unaccounted for. Because the 
CV for the determination of LBM was l.3%, with a mean 
LBM of 77.5 kg, the discrepancy of 0.73 kg could be ac- 
counted for by variation in the LBM determination 
alone. 

If we assume that muscle mass was maintained on the 
LP diet for the SA, the reduction in WBPS per se is of 
concern. In the long term a negative impact on LBM may 
become apparent, and reductions in WBPS are charac- 
teristic of short-term starvation at rest (10) and during 
exercise (12). It has been suggested that reductions in 
WBPS and amino acid flux may have a negative impact 
on health status because of reductions in lymphocyte 
amino acid flux (19) and a reduction in the availability of 
metabolic intermediates for biosynthetic pathways 
(19, 33). 

In support of the fact that the HP diet was a nutrient 
overload was the finding of a significant increase in leu- 
tine oxidation for both groups on the HP diet compared 
with the LP or MP diets: This demonstrated that protein 
consumed i n exce ss of needs was oxi .dized as energy 
rather than stored as lea .n tissue. Young et al. (35) stated 
that the determination of the protein intake at which 
amino acid oxidation starts to increase significantly (in- 
flection point) may be indicative of an adequate or safe 
protein intake and thus can be useful as a determinant of 
dietary protein requirements. From our data, we are not 
able to determine the point at which amino acid oxida- 
tion increased, but it was between 1.4 and 2.4 g l kg-l l 

day-l for both groups. 
A high correlation was found between leucine oxida- 

tion and urinary urea excretion (r = 0.97), which would 
be expected inasmuch as leucine oxidation is preceded by 
intracellular transamination with subsequent hepatic 
ureagenesis. Wolfe et al. (31) reported that during very 
light endurance (-30% maximal 0, consumption) exer- 
cise, stable isotope measurements of leucine oxidation 
and ureagenesis were discordant and suggested that the 
measurement of either ureagenesis or leucine oxidation 
was in error. The results of our study support the fact 
that leucine oxidation and ureagenesis are closely linked 
processes, and the results of Wolfe et al. (31) may merely 
indicate that the two processes are not cotemporal. 

The finding of a significantly (42%) greater WBPS for 
SA than for S was expected, because it has been well 
documented that people who engage in heavy resistance 
training have an increased muscle mass (13,28) due to an 
increased muscle protein synthesis (32). The increased 
WBPS demonstrated for SA (24 h postexercise) is likely 
to be a chronic phenomenon, because similar absolute 
WBPS levels are present both during and for 2 h after 
circuit weight-training exercise (26). Part of the differ- 
ence in WBPS between the groups was likely due to the 
greater LBM of the SA group, for LBM per se accounted 
for -24% of the between-group differences (see RE- 
SULTS). 

In addition to increased WBPS, a significant increase 
in protein breakdown was observed in the SA compared 
with the S group. Simultaneous increases in protein syn- 
thesis and breakdown have been observed during hyper- 
trophy of skeletal m .uscle in animal models (5). Part of 
the increa se can al so be explained by the greater LBM of 

SA, for this accounted for 28% of the between-group dif- 
ferences in protein breakdown. 

The calculated protein intake for zero NBAL was 1.41 
g. kg-’ l day-l for SA and 0.69 g e kg-l l day-l for S; with a 
safety margin of 3-1 SD, the estimated requirements were 
1.76 and 0.89 g protein l kg-l l day-‘, respectively. Re- 
gression analysis of NBAL data to determine protein re- 
quirements has been well established (2a, 3, 15, 23, 28) 
and was used in the current study so that interstudy com- 
parisons could be made. At zero NBAL, the estimate was 
lO4%, and with tl SD the estimate was 98% greater for 
SA than for S. Inclusion of _tl SD, in contrast to the 
usual t2 SD used by national (2a) and international (3) 
bodies in setting protein recommendations, is made on 
the basis of the larger biological variation obtained with 
small subject numbers and with protein intakes consider- 
ably above and below the estimated requirement, as pre- 
viously described (28). The use of t2 SD would have 
yielded a falsely greater protein requirement for these 
reasons Is A further consideration in the interpretation of 
the estimated protein required is that the protein quality 
of the HP diet was slightly greater by addition of whey 
protein powder than for either the MP or LP diet, which 
would result in a slight underestimation of protein re- 
quirements. Given these considerations, the calculated 
protein requirements must be considered estimates and 
not definitive levels. Because the SA group had a signifi- 
cantly greater LBM than the S group, it may be informa- 
tive to express the protein requirements relative to LBM 
rather than to total mass, which would make the zero 
intercept protein requirements 1.56 and 0.88 g pro- 
tein l kg LBM-1 l day-l for SA and S, respectively. The 
difference between the two groups would be 77% greater 
for SA than for S on the basis of LBM, but 104% greater 
on the basis of total mass. Although correction for differ- 
ences in LBM does bring the estimates of protein require- 
ments between the groups closer together, the differe rice 
is still substantial and provides further support for the 
concept that the protein requirement for SA was ele- 
vated primarily because of habitual activity and not 
merely an increased LBM. 

The fact that the estimate of 0.89 ga kg-l. day-l for the 
S group in this study is very close to the Canadian RN1 of 
0.86 g l kg-l l day-l provides further evidence in support 
of the validity of the calculated NBAL-derived estimates. 
It should also be noted that the NBAL study was con- 
ducted with excellent subjective (checklist protein com- 
pliance >98%) and objective/biochemical (mean CV of 
creatinine excretion over diet treatments = 3.6%; Table 
3) evidence of compliance. The adaptation period of 10 
days should be adequate for both an increasing and de- 
creasing protein intake (21), and adaptation was con- 
firmed by the lack of a significant slope in the urinary UN 
excretion over each of the 3-day NBAL periods by either 
group (Fig. 1). In addition, the mean energy intake for 
both S [32.3 kcal. kg-l. day-l (22)] and SA [43.2 
kcal l kg-l. day-l (ZS)] would be adequate for their re- 
spective activity patterns. The absence of a significant 
change in weight, LBM, and estimated body fat for either 
group provided further support for the adequacy of the 
dietary E,, . 

The estimated protein requirements from the NBAL 
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data are in agreement with those estimated from the 
tracer data. For SA, the WBPS and leucine oxidation 
predicted that the protein requirement would be at or 
just above 1.41 g protein. kg-l + day-l, and the NBAL was 
1.76 (+l SD) g. kg-lmday? The WBPS was 8.7% lower 
on the MP than on the HP diet (a nonsignificant differ- 
ence), which may indicate that the true protein require- 
ment is closer to the NBAL-derived value of 1.76 
g. kg-l. day-l; however, this can be determined only by 
studying leucine turnover between these ranges of pro- 
tein intake. The WBPS data for S predicted that the 
protein requirement would be at or below 0.90 
g l kg-‘. day-l, and the NBAL-derived value was 0.89 
g. kg-l l day-l. It was hypothesized a priori that the S 
group would have significantly greater leucine oxidation 
on the MP than on the LP diet, indicating that the MP 
diet delivered excessive protein, but this was not found to 
be significant. However, the oxidation did increase 50% 
for S and only 25% for SA from the LP to the MP diet. 

From the NBAL data, it was estimated that the SA 
group would have gained -1.1 kg of LBM, when in fact 
they lost 1.1 kg, leaving a discrepancy of 2.2 kg. Hence 
the LBM data did not support the classical interpreta- 
tion of the positive NBAL data. A failure to consider the 
leucine turnover data and rely only on the NBAL data 
may lead one to conclude that an excessive protein intake 
is of ergogenic benefit to those involved in strength/re- 
sistance training. The persistently positive NBAL ob- 
served in this study has been demonstrated (21,28) and 
commented upon (7, 34) before and appears to result 
from an inherent error in the method. In a recent study of 
endurance athletes who consumed protein intake above 
calculated requirements, NBAL was positive and WBPS 
plateaued (15). The present study and that of Meredith 
et al. (15) support the previously stated weaknesses of 
the NBAL method (7, 34) and further demonstrate the 
need to combine NBAL methodology with tracer tech- 
niques to gain a comprehensive understanding of protein 
metabolism to determine the protein requirements for 
humans (15, 17, 33-35). 

The protein requirement for the SA group was 79 and 
8.6% greater than previously derived protein intake esti- 
mates for elite and novice bodybuilders, respectively (27, 
28). The protein requirements in these two studies were 
determined in a manner identical to those in the present 
study. The 79% greater protein requirements of this 
study compared with the earlier study of elite body- 
builders (28) probably relate to a phenomenon of adapta- 
tion to the stress of activity. The athletes in this study 
had experience with weights for 3-9 mo, whereas the elite 
bodybuilders (28) trained for 3 yr. The adaptation of 
NBAL to the stress of training was shown in a short-term 
longitudinal study by Gontzea et al. (6). In a previous 
study (27) we found that novice athletes actively increas- 
ing muscle mass with a free-weight body-building pro- 
gram and the subjects in the current study required 
about the same amount of dietary protein. The novice 
bodybuilders studied previously (27) could have been in- 
creasing muscle mass at a greater rate than the subjects 
in the current study. Some of the drills habitually per- 
formed by the subjects in the current study (i.e., wind- 
sprints/throwing football) would have some aerobic com- 

ponent; this may have slightly increased the protein re- 
quirements in four of the seven SA subjects (28). 
However, during the NBAL period only circuit weight 
training was performed. 

The present study clearly demonstrated the need to 
combine NBAL studies with tracer methods to compre- 
hensively determine protein requirements for humans. 
The estimated protein requirement for athletes perform- 
ing circuit weight training (SA) was -98% greater than 
for age-matched sedentary control subjects (1.76 vs. 0.89 
g l kg-l l day-l, respectively), and these estimates were in 
agreement with the interpretation of the tracer data. 
Protein consumed in excess of requirements resulted in a 
plateau in WBPS and a significant increase in leucine 
oxidation but did not result in an increased accretion of 
LBM in bodybuilders. 
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