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Ferrando, Arny A., Kevin D. Tipton, David Doyle,
Stuart M. Phillips, Joaquin Cortiella, and Robert R.
Wolfe. Testosterone injection stimulates net protein synthe-
sis but not tissue amino acid transport. Am. J. Physiol. 275
(Endocrinol. Metab. 38): E864–E871, 1998.—Testosterone
administration (T) increases lean body mass and muscle
protein synthesis. We investigated the effects of short-term T
on leg muscle protein kinetics and transport of selected amino
acids by use of a model based on arteriovenous sampling and
muscle biopsy. Fractional synthesis (FSR) and breakdown
(FBR) rates of skeletal muscle protein were also directly
calculated. Seven healthy men were studied before and 5 days
after intramuscular injection of 200 mg of testosterone enan-
thate. Protein synthesis increased twofold after injection (P ,
0.05), whereas protein breakdown was unchanged. FSR and
FBR calculations were in accordance, because FSR increased
twofold (P , 0.05) without a concomitant change in FBR. Net
balance between synthesis and breakdown became more
positive with both methodologies (P , 0.05) and was not
different from zero. T injection increased arteriovenous essen-
tial and nonessential nitrogen balance across the leg (P ,
0.05) in the fasted state, without increasing amino acid
transport. Thus T administration leads to an increased net
protein synthesis and reutilization of intracellular amino
acids in skeletal muscle.

fractional breakdown rate; amino nitrogen uptake

THE USE OF TESTOSTERONE to enhance athletic perfor-
mance has long been practiced. However, the wide-
spread use of anabolic steroids among the athletic
community became an example of abuse (for review, see
Ref. 15). For this reason, testosterone administration
was often accompanied with negative connotations.
More recently, however, clinical investigations have
demonstrated the benefits of testosterone administra-
tion without the adverse side effects associated with
uncontrolled pharmacological dosing. Restoration of
testosterone levels in hypogonadal (3, 8, 17) and elderly
(19) men has been shown to increase skeletal muscle
protein synthesis and lean body mass (8). Administra-
tion in hypogonadal men (3, 8, 17) and to patients with
muscular dystrophy (20) has also been demonstrated to
increase lean body mass. A consistent finding of testos-
terone administration is the marked increase in muscle
protein synthesis (8, 14, 19). However, muscle protein
breakdown was not determined in these studies. Thus
the effect of testosterone on net protein synthesis is yet

unclear. A sustained increase in muscle protein synthe-
sis could theoretically lead to an accrual of lean body
mass if protein synthesis were continually greater than
breakdown over time. Evidence for this is the demon-
strated increase in lean body mass with testosterone
administration alone (without the concomitant benefit
of exercise) (2, 8).

Acute administration of other anabolic hormones has
been demonstrated to increase skeletal muscle protein
synthesis. Local infusion of insulin results in muscle
anabolism by increased protein synthesis (6) or de-
creased protein breakdown (13). Local insulin-like
growth hormone I (IGF-I) (13) and growth hormone (12)
administration stimulates skeletal muscle protein syn-
thesis, as well as a positive amino acid net balance. The
stimulation of protein synthesis by these hormones
appears closely related to an increased rate of inward
amino acid transport (4). For example, intra-arterial
insulin infusion into the leg increases inward amino
acid transport (6) into skeletal muscle. Although not
directly measured, the data suggest that IGF-I infusion
also increases inward amino acid transport (9). We
therefore hypothesized that increased protein synthe-
sis with testosterone administration is accompanied by
increased inward amino acid transport.

Because prolonged testosterone administration in-
creases lean body mass (2, 8), we further hypothesized
that testosterone increases net muscle protein synthe-
sis. Hence, we investigated the effects of testosterone
administration on muscle protein synthesis and amino
acid balance 5 days after intramuscular injection. We
evaluated these effects by using an established model
(4, 5, 10) that enables the determination of tissue
amino acid transport. In addition, we utilized an inde-
pendent method (22) that enables the simultaneous
evaluation of fractional synthetic and breakdown rates
of skeletal muscle with biopsies of the vastus lateralis.

METHODS

Subjects

Seven healthy males [28 6 5 (SD) yr; 77 6 8 kg; 177 6 5 cm]
were studied before and 5 days after testosterone enanthate
injection. Written consent was obtained on all subjects, and
the protocol was approved by the Institutional Review Board
at the University of Texas Medical Branch at Galveston.

Experimental Protocols

Subjects were admitted to the General Clinical Research
Center (GCRC) and fasted from 2200 until completion of the
isotope infusion study. At approximately 0700 the following
morning, a 3-Fr 8-cm polyethylene catheter (Cook, Blooming-
ton, IN) was inserted into the femoral vein and another into
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the femoral artery under local anesthesia. Both femoral
catheters were used for blood sampling; however, the femoral
arterial catheter was also used for indocyanine green infusion
for the determination of leg blood flow. A 20-gauge polyethyl-
ene catheter (Insyte-W, Becton-Dickinson, Sandy, UT) was
placed in an antecubital vein for infusion of labeled amino
acids. A second 20-gauge polyethylene catheter was placed in
the contralateral wrist and surrounded by a heating pad
maintained at ,65°C for measurement of systemic concentra-
tion of indocyanine green.

Baseline blood samples were obtained for the measure-
ment of background amino acid enrichment, indocyanine
green concentration, and peak testosterone concentration.
Stable isotopes were concomitantly infused at the following
primed (PD) continuous infusion rates (IR) throughout the
5-h study: L-[ring-2H5]phenylalanine, IR 5 0.05 µmol · kg21 ·
min21, PD 5 2 µmol/kg; L-[2-15N]lysine, IR 5 0.08 µmol ·
kg21 ·min21, PD 5 7.2 µmol/kg; L-[1-13C]leucine, IR 5 0.08
µmol ·kg21 ·min21, PD 5 4.8 µmol/kg; L-[1-13C]alanine, IR 5
0.35 µmol ·kg21 ·min21, PD 5 35 µmol/kg. After 2 h of infusion
(Fig. 1), a primed (2 µmol/kg) continuous (0.05 µmol ·
kg21 ·min21) infusion of L-[15N]phenylalanine was initiated
and maintained until the 4th h. The arterial and intracellular
L-[15N]phenylalanine enrichments at plateau and during the
decay were utilized to determine fractional breakdown rate
(FBR).

Biopsies of the vastus lateralis were performed as previ-
ously described (5) at 2 h, 4 h 30 min, 4 h 45 min, and 5 h of
tracer infusion. Fractional synthetic rate (FSR) of skeletal
muscle protein was determined by the incorporation of L-[ring-
2H5]phenylalanine into protein from 2 to 4 h 45 min and also
from 2 to 5 h (values averaged). The biopsies at 4 h 45 min and
5 h were utilized to determine FBR and averaged for data
presentation.

Arteriovenous blood samples were drawn at 20-min inter-
vals throughout the last hour to determine amino acid
kinetics. In addition, leg blood flow was determined by
indocyanine green infusion during this hour. To measure leg
blood flow, a continuous infusion (IR 5 0.5 mg/min) of
indocyanine green was started 15 min before the kinetic hour.
Subsequent sampling was performed simultaneously from
the femoral vein and the heated wrist over this hour. Arterial
samples for amino acid kinetics were always taken after those
from the femoral vein and wrist to avoid interference with
blood flow measurement. After each sampling, indocyanine
green infusion was uninterrupted for $10–15 min before the
next blood flow measurement. Arteriovenous samples were

taken at 4 and 5 h of the infusion protocol for the determina-
tion of amino acid nitrogen balance. Blood was also sampled
from the femoral vein at 4 and 5 h for the determination of
total testosterone over the sampling period.

Immediately after the infusion protocol, the subject was fed
and given an intramuscular injection of 200 mg of testoster-
one enanthate (Schein Pharmaceutical, Florham Park, NJ).
On day 3, subjects returned to the GCRC at ,0700 for venous
blood sampling to determine total testosterone concentra-
tions. On day 5, the above protocol was repeated in the fasted
state.

Analysis of Samples

Blood. The concentrations of unlabeled phenylalanine,
leucine, alanine, and lysine, as well as the enrichment of their
isotopic counterparts, were simultaneously determined by
gas chromatography-mass spectrometry (GC-MS) in blood by
use of the internal standard approach (5). Whole blood
samples from the femoral vein and artery were immediately
precipitated in preweighed tubes containing 15% sulfosali-
cylic acid (SSA). A known internal standard mixture (100
µ/ml blood) was added to the tube and thoroughly mixed. The
composition of the internal standard was as follows: 50.2
µmol/l of L-[ring-13C6]phenylalanine, 249.0 µmol/l of
L-[2H4]alanine, 120.1 µmol/l of L-[2H3]leucine, and 182.0 µmol/l
of L-[2H4]lysine. The tubes were reweighed for determination
of blood volume and centrifuged, and the supernatant was
removed and frozen at 220°C until analysis. On thawing, 500
µl of the SSA extract was passed over a cation exchange
column (Dowex AG 50W-8X, 100–200 mesh H1 form; Bio-Rad
Laboratories, Richmond, CA) and dried under vacuum with a
speed vac (Savant Instruments, Farmingdale, NY). To deter-
mine the enrichments of the infused tracers and internal
standards, the nitrogen-acetyl-n-propyl esters were prepared
as previously described (4, 5). The isotopic enrichment of free
amino acids in blood was determined by GC-MS (model 5989,
Hewlett-Packard, Palo Alto, CA) by chemical ionization and
selected ion monitoring (21). Data were expressed as a
tracer-to-tracee ratio (tracer/tracee), with correction for over-
estimation of enrichment (skew) due to isotopomer distribu-
tion and for ‘‘overlapping’’ contribution of isotopomers of
small weight to the apparent enrichment of isotopomers of
greater mass (21).

For the determination of arteriovenous amino acid nitro-
gen balance, 3 ml of blood from the femoral artery and vein
were collected into lithium heparin tubes and centrifuged,

Fig. 1. Isotope infusion protocol. ring-
2H5-PHE, L-[ring-2H5]phenylalanine;
1-13C-LEU, L-[1-13C]leucine; 1-13C-ALA,
L-[1-13C]alanine; 2-15N-LYS, L-[2-15N]ly-
sine; 15N-PHE, L-[15N]phenylalanine.
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and the serum was frozen at 220°C until analyzed. Free
amino acid concentrations were determined by HPLC and
precolumn derivatization with ortho-phthalaldehyde and
3-mercaptopropionic acid. The plasma sample was diluted
with water (1:20) and deproteinized by ultrafiltration by use
of a hydrophilic membrane with a molecular mass cutoff at
5,000 Da. Norvaline was used as an internal standard. HPLC
separation was performed on a Waters 2960 system (Waters,
Milford, MA) and a Zorbax SB-C18 column (3.0 3 150 mm ID,
3.5-µm particle size) with a multiple-step gradient elution
from 100% solvent A (0.05 M Na acetate, 0.05 M Na2HPO4, pH
7.2:CH3OH:THF, 96:2:2) to 100% solvent B (CH3OH-H2O,
65:35). A Waters 420-AC fluorescence detector was used at
excitation and emission wavelengths of 338 and 455 nm for
detection. Results are presented for essential and nonessen-
tial amino nitrogen; however, methionine was not included in
the analysis.

Total testosterone concentrations were determined in se-
rum by commercial radioimmunoassay (DPC, Los Angeles,
CA). All samples were analyzed with one respective assay,
and the intra-assay coefficient of variation was 2.1%. Back-
ground (,0700), 4-h, and 5-h values were not significantly
different during the study and were therefore averaged for
presentation of data.

Muscle. Tissue biopsies of the vastus lateralis were immedi-
ately blotted and frozen in liquid nitrogen. Samples were then
stored at 275°C until processed. On thawing, the tissue was
weighed and protein was precipitated with 0.5 ml of 10%
perchloric acid. The tissue was then homogenized and centri-
fuged, and the supernatant was collected. This procedure was
repeated two more times, and the pooled supernatant (,1.3
ml) was processed as the blood samples described in Blood. To
determine intracellular enrichment of infused tracers, the
t-butyldimethylsylil derivative was prepared as previously
described (10) and analyzed by GC-MS (model 5989B, Hewlett-
Packard) with electron impact ionization. Intracellular enrich-
ment was determined by correction for extracellular fluid
based on the chloride method (1).

The remaining pellet of muscle tissue was further washed
twice in 0.9% saline and three times with absolute ethanol. It
was then placed overnight in an oven and dried at 50°C. The
dried pellet was then hydrolyzed at 110°C for 36 h with 6 N
HCl. The protein hydrolysate was then passed over a cation
exchange column and dried by speed vac as described in
Blood. To the dried samples, 500 µl of 3,5 HBr-propanol were
added for esterification and heated at 110°C for 60 min.
Samples were then sequentially dried under nitrogen, com-
bined with 100 µl of heptafluorobutyric anhydride, and
heated at 60°C for 20 min. To determine the enrichment of
protein-bound L-[ring-2H5]phenylalanine, 200 µl of the deriva-
tized sample were analyzed by GC-MS (MD 800, Finnigan,
San Jose, CA). Protein-bound L-[ring-2H5]phenylalanine en-
richment was determined by use of chemical impact ioniza-
tion with methane gas and by monitoring mass-to-charge
ratios (m/z) 407 and 409. These ions are the m 1 3 and m 1 5
enrichments, respectively, where m 1 0 is the lowest molecu-
lar weight of the ion. The ratio of m 1 5/m 1 3 was used
because it is more sensitive than the traditional m 1 5/m 1 0
(used for plasma samples). Enrichment from the protein-
bound samples was determined with a linear standard curve
of known m 1 5/m 1 3 ratios and corrected back to the
absolute change in m 1 5 enrichment over the incorporation
period.

Calculations

Kinetic model. Leg amino acid kinetics were calculated
according to a three-pool compartment model that has been

derived (4) and presented (5, 6, 10) previously. However, for
simplicity and presentation of data, certain parameters are
briefly described here.

Amino acids enter and leave the leg via the femoral artery
(Fin) and femoral vein (Fout), respectively. Intercompartmen-
tal flow of free amino acids can occur between the artery (A),
vein (V), and muscle (M). For example, FM,A refers to the net
amino acid movement from the artery to the muscle, and FV,M
refers to the movement from the muscle to the vein. These
terms describe inward and outward tissue transport, respec-
tively. Thus

Fin 5 CA · BF (1)

Fout 5 CV · BF (2)

where CA and CV are amino acid concentrations in the femoral
artery and vein, respectively, and BF is leg blood flow. Tissue
transport is then calculated as follows

FM,A 5 5[(EM 2 EV)/(EA 2 EM)] · CV 1 CA6 · BF (3)

FV,M 5 5[(EM 2 EV)/(EA 2 EM)] · CV 1 CV6 · BF (4)

where EA, EV, and EM are the tracer amino acid enrichments
in the femoral artery, femoral vein, and muscle, respectively.
FV,A, the flow of amino acids from the artery to the vein, is
calculated by

FV,A 5 Fin 2 FM,A (5)

or

FV,A 5 Fout 2 FV,M (6)

Intracellular amino acids can be derived from endogenous
sources. However, because phenylalanine, leucine, and lysine
cannot be synthesized in the muscle, FM,O describes the
phenylalanine, leucine, and lysine derived from protein break-
down such that

FM,O 5 FM,A · (EA/EM 2 1) (7)

FO,M represents the rate of disappearance of intracellular
amino acids. Because these essential amino acids (phenylala-
nine and lysine) cannot be oxidized in the muscle, this term
represents protein synthesis, where

FO,M 5 (CA · EA 2 CV · EV) · BF/EM (8)

The total rate of appearance of the intracellular amino acid
(RaM) is then a function of tissue transport (FM,A) and protein
breakdown (FM,O), such that

RaM 5 FM,O 1 FM,A (9)

FSR. Skeletal muscle FSR was calculated from the determi-
nation of the rate of tracer incorporation into the protein and
the enrichment of the intracellular pool as the precursor

FSR 5 [(Ep2 2 Ep1) /(EM · t)] · 60 · 100 (10)

where Ep1 and Ep2 are the enrichments of the protein-bound
L-[ring-2H5]phenylalanine at the start (2 h) and end (4 h 45
min or 5 h) of the sampling period. EM represents the average
intracellular L-[ring-2H5]phenylalanine enrichment over the
time of incorporation, and t is the time in minutes. The factors
60 and 100 are required to express FSR in percent per hour.

FBR. The derivation and assumptions of the calculation for
FBR are described in detail elsewhere (22). Briefly, however,
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this new method for measuring fractional protein breakdown
employs a variation of the traditional precursor-product
method. In this case, the product is free intracellular amino
acids, and the precursors are arterial blood and tissue
protein. This model assumes that there is no label recycled
from protein breakdown back to the free intracellular pool.
Thus the arterial blood is the only source of tracer in the free
intracellular pool, and both arterial blood and protein break-
down provide amino acids to the free intracellular pool. This
model distinguishes the rate that amino acids are released
from protein from the rate that amino acids are transported
from plasma to tissue by use of the additional measurement
of the steady-state enrichments of plasma and the free
intracellular amino acids. With the systematic infusion of a
labeled amino acid tracer to achieve isotopic equilibrium, the
enrichment in the free intracellular pool is always lower than
that in arterial blood. This is due to protein breakdown, which
releases amino acids that dilute the isotope enrichment in the
free intracellular pool. Therefore, the enrichment difference
between arterial blood and the free intracellular pool reflects
the fractional contributions of amino acids from these two
pools. For instance, if the arterial enrichment is 0.10 and the
intracellular free enrichment is 0.05, the fractional contribu-
tions from these two sources are 50% each.

After reaching an isotopic equilibrium of L-[15N]phenylala-
nine, the tracer infusion is stopped, and the decay curve of the
free intracellular enrichment is decided by the arterial decay
(which provides the tracer and a fraction of unlabeled amino
acids) and FBR (which provides the rest of the unlabeled
amino acids). Given a physiological steady state, FBR is
constant, and the decay curves in the arterial and intracellu-
lar pools are measurable; therefore, FBR is measurable. The
following equation was used for the calculation of FBR

FBR 5
EF(t2) 2 EF(t1)

p e
t1

t2
EA(t) dt 2 (1 1 p) e

t1

t2
EF (t) dt

·
T

QF
(11)

where p 5 EF/(EA 2 EF) at isotope plateau, EA(t) and EF(t) are
the arterial and intracellular enrichments, and T/QF is the
ratio of bound to unbound amino acid in the tissue sample.

If one ignores the variables p and T/QF in the above
equation, then the equation is simply the traditional precursor-
product equation. It is necessary to introduce the variable p
because the traditional precursor-product equation assumes
that the product is derived from only one precursor. In this
case, the product is the free amino acid pool that has two

sources, plasma amino acids and protein-bound amino acids.
Therefore, the relative contribution of these two sources to
the free intracellular amino acid pool needs to be included in
the calculation, which is accomplished by using the variable
p. The variable p is equal to the ratio of protein breakdown to
transport of amino acids into the cell, and it is calculated by
determining the dilution of amino acid enrichment between
plasma and the intracellular space at isotopic steady state.

The factor of T/QF is necessary to make the units of FBR
comparable to FSR. The traditional precursor-product equa-
tion calculates the rate of conversion of precursor to product
divided by the product pool size. In this case, this is the rate of
protein breakdown divided by the free intracellular amino
acid pool size. In contrast, FSR is the rate of protein synthesis
divided by the bound amino acid pool size. Thus, to make the
measurement of fractional protein breakdown comparable to
the FSR, a factor T/QF, the ratio of bound to free amino acid
pool sizes, is applied such that the units of FBR are the rate of
protein breakdown divided by the bound amino acid pool size.

It is important to note that, in the determination of the rate
of disappearance to protein synthesis (FO,M) and appearance
from protein breakdown (FM,O), as well as FBR, a primary
assumption of these methods is that there is no recycling of
intracellular tracer from proteolysis (4, 22).

Data Presentation and Statistical Analysis

Data are presented as means 6 SE. Pre- and postinjection
studies were compared by paired t-test with Bonferroni
correction. (Family error rate) P # 0.05 was considered
statistically significant.

RESULTS

Arterial steady-state tracer enrichment was achieved
for all amino acid tracers before and 5 days after
injection (Table 1). Arterial enrichments were higher 5
days after injection (Table 1; P , 0.05).

Two days after testosterone (T) injection, total T
concentrations increased to about twice the physiologi-
cal range (2,094 6 561 ng/dl; P , 0.05). Five days after
the injection, however, total T returned to the upper
physiological range (953 6 283 ng/dl), although signifi-
cantly greater than preinjection concentrations of 425 6
99 ng/dl (P , 0.05).

T injection increased FSR from 1.60 6 0.28 to 3.35 6
0.38 %/day (mean increase 1.75 6 0.40%/day; P , 0.01),

Table 1. Free amino acid enrichments in femoral artery

Tracer

Minutes of Infusion

180 240 260 280 300

Phenylalanine
Preinjection 0.066960.0056 0.063660.0077 0.060660.0067 0.063560.0074 0.064260.0079
5 days postinjection* 0.077160.0053 0.071960.0073 0.071460.0076 0.075460.0072 0.071060.0089

Lysine
Preinjection 0.045460.0024 0.043660.0035 0.045060.0023 0.044160.0027 0.046660.0025
5 days postinjection* 0.048060.0035 0.04960.0031 0.048260.0032 0.050160.0030 0.049460.0033

Leucine
Preinjection 0.046460.0017 0.047160.0026 0.048160.0022 0.048360.0025 0.049260.0021
5 days postinjection* 0.054660.0013 0.052460.0023 0.052760.0024 0.056360.0037 0.054360.0035

Alanine
Preinjection 0.047260.0064 0.048060.0073 0.051160.0062 0.049760.0061 0.049860.0052
5 days postinjection* 0.064060.0051 0.058660.0064 0.058260.0054 0.057160.0059 0.063060.0060

Values are means 6 SE and are expressed as tracer-to-tracee ratio. All tracer values pre- and 5 days postinjection are at steady state across
infusion time by ANOVA. Samples from 240 to 300 min of isotope infusion were used for model calculations. *Mean steady-state ratios are
significantly greater 5 days postinjection by paired t-test with Bonferroni correction, P , 0.05.
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whereas the increase in FBR was not quite significant
(2.28 6 0.11 to 2.64 6 0.17 %/day; P 5 0.06). Fractional
net balance (NB) increased from 20.68 6 0.30 to 0.71 6
0.39%/day (P , 0.05), with the postinjection NB not
different from zero. Because the calculation of FBR is
predicated on the assumption that no label is recycled
from protein breakdown to the free intracellular pool, it
is possible that the calculated FBR 5 days postinjection
has a greater influence as a result of previously ‘‘la-
beled’’ protein. However, the mean intracellular free
phenylalanine enrichment (tracer/tracee) was 0.0390 6
0.0025, whereas the mean bound enrichment in the 5-h
biopsy 5 days postinjection was 0.00067 6 0.00019.
Thus the contribution of the protein-bound enriched
phenylalanine could only account for less than a 2%
relative error in the FBR calculation.

Amino acid kinetics are presented in Table 2. Model
calculations of protein synthesis (FO,M), as determined
by phenylalanine disappearance from the intracellular
free pool, demonstrated a significant increase after T,
as did NB (Fig. 2). Because of the disproportionate
representation of phenylalanine and lysine in skeletal
muscle protein (5), values of FO,M and FM,O (in µmol/

min) have been standardized for each amino acid.
Model calculations of protein synthesis and breakdown
were converted to milligrams per hour by assuming
that phenylalanine and lysine represent 233 and 709
nmol/mg of dried muscle, respectively (5). Thus base-
line FO,M yields similar values of 1,191 6 356 mg/h for
phenylalanine and 1,461 6 208 mg/h for lysine (P 5
0.52). Postinjection values increase to 2,634 6 502 and
3,699 6 1,105 mg/h for phenylalanine and lysine,
respectively. Again, these values are not significantly
different from each other (P 5 0.40). Conversion of FM,O
to protein breakdown equals baseline values of 1,842 6
431 mg/h for phenylalanine and 1,801 6 234 mg/h for
lysine (P 5 0.90) and postinjection values of 2,651 6
516 mg/h for phenylalanine and 3,614 6 1,008 mg/h for
lysine (P 5 0.42). Thus the apparent discrepancies in
calculated protein synthesis (FO,M) and protein break-
down (FM,O) between the two essential amino acids that
cannot be oxidized in skeletal muscle are reflective of
their respective representations in skeletal muscle,
which, when standardized, produce similar values for
each parameter. Because leucine oxidation was not
measured, calculated synthesis cannot be determined.
However, conversion of baseline leucine FM,O [when
assumption of 722 nmol/mg of dried muscle is made;
(4)] again yields a similar value to phenylalanine and
lysine (1,591 6 251 mg/h; P 5 0.35), which is consistent
with other model calculations.

After T, net balance (NB) values were significantly
greater than preinjection values for the essential amino
acid tracers, although not significantly greater than
zero. Leucine NB also increased after injection (222 6
6 to 21 6 6 nmol·min21 ·100 ml leg21; P , 0.05),
although it cannot be determined whether this increase
was related to an increased oxidation. For a comparison
of the arteriovenous model and direct methods, the
values of FO,M and FM,O (nmol ·min21 ·100 ml leg vol-
ume21) derived from phenylalanine have been con-
verted to FSR and FBR (%/h) on the basis of the
phenylalanine content in muscle [<233 nmol/mg dried
tissue (5)], the protein content in muscle [<25% (5)],
and the assumption that muscle accounts for <60% of
leg volume in normal subjects (9). Both methods re-

Table 2. Leg muscle amino acid kinetics

Parameter/
Amino Acid Phe Lys Ala

Preinjection

Fin 252623 685656 8936105
Fout 276627 723664 9936118
FV,A 127616 367647 381692
FM,A 125623 318662 8576136
FV,M 149627 356668 612687
FM,O 68616 204627 963681
FO,M 45613 166624 862666
RaM 193635 522685 1,4746126
NB 22467 23868 2101621
DNS 161637

5 days Postinjection

Fin 385683 1,0196206 1,1356297
Fout 387685 1,0106198 1,2206328
FV,A 258659* 7406147* 7126212
FM,A 128632 279668 422692
FV,M 129637 270665 5086120
FM,O 100619 4166109 1,3096246
FO,M 99617* 4256119 1,2236216
RaM 228647 6956167 1,7316333
NB 2169* 9612* 286634
DNS 236645

Values are means 6 SE and are expressed as nmol ·min21 ·100 ml
leg21. Fin, amino acid inflow into leg from systemic circulation via
femoral artery; Fout, amino acid outflow from leg via femoral vein;
FV,A, direct amino acid outflow from artery to vein without entering
intracellular fluid; FM,A, inward amino acid transport from femoral
artery into free muscle amino acid pool; FV,M, outward amino acid
transport from intracellular pool into femoral vein; FM,O, intracellu-
lar amino acid appearance from endogenous sources (proteolysis for
phenylalanine, and lysine; proteolysis plus de novo synthesis for
alanine); FO,M, intracellular amino acid utilization (protein synthesis
for phenylalanine and lysine, protein synthesis plus other fates for
alanine); RaM, total intracellular amino acid rate of appearance
[inward transport and proteolysis for phenylalanine, and lysine,
includes de novo synthesis (DNS) for alanine]; NB, net amino acid
balance (negative numbers indicate net release from muscle). *Signifi-
cantly different from preinjection, P , 0.05.

Fig. 2. Model calculations of protein synthesis (PS; FO,M) and protein
breakdown (PB; FM,O) by phenylalanine tracer, and net balance (NB)
before and 5 days after testosterone injection. *Postinjection values
significantly greater than preinjection, P , 0.05.
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sulted in essentially the same value, with no statistical
differences between direct calculation (FSR/FBR) and
converted values (FO,M/FM,O to FSR/FBR). Preinjection
direct FSR and FBR were 0.067 6 0.012 and 0.095 6
0.005%/h, respectively, and the converted values for
FO,M and FM,O were 0.076 6 0.022 and 0.11 6 0.03%/h,
respectively. Postinjection direct FSR and FBR were
0.14 6 0.016 and 0.11 6 0.01%/h, respectively, and the
converted FO,M and FM,O were 0.17 6 0.03 and 0.17 6
0.03%/h, respectively.

There was no evidence of increased tissue amino acid
transport (Table 2) during the infusion protocol despite
the finding that leg blood flow increased after T injec-
tion (333 6 22 to 523 6 92 ml/min; P , 0.05). Leucine
transport was analogous to phenylalanine and lysine,
because there was no change after injection. Because
the calculation of leucine transport is not contingent on
its fate in the cell (Eq. 3), it can be concluded that the
inward transport of essential amino acids is not af-
fected by T. There was, however, an increase in amino
acid shunting (FV,A) from the artery to the vein after T
injection.

Whole body appearance of phenylalanine decreased
from 0.87 6 0.10 µmol·kg21 ·min21 preinjection to
0.70 6 0.07 µmol·kg21 ·min21 postinjection (P , 0.05).
Whole body appearance of leucine also decreased (1.66 6
0.08 to 1.47 6 0.07 µmol·kg21 ·min21; P , 0.05),
whereas lysine did not change.

T injection ameliorated the net efflux of amino acid
nitrogen from the leg in the fasted state. Table 3 depicts
the significant (P , 0.05) changes in essential and
nonessential amino acid nitrogen balance across the
leg.

DISCUSSION

Testosterone exerts a strong anabolic effect in fasted
skeletal muscle. Like acute infusions of insulin (6, 13),
IGF-I (11, 13), and growth hormone (12), testosterone
injection can ameliorate the negative amino acid bal-
ance of fasting. However, unlike these other hormones,
testosterone administration does not affect inward
amino acid transport to the tissue.

Acute insulin infusion increased inward amino acid
transport, as measured by the three-compartment model
utilized in the present study (6). In the present study,
however, testosterone injection did not stimulate in-
ward amino acid transport (FM,A; Table 2). The in-
creased inward transport associated with local insulin
infusion is accompanied by an increase in leg blood flow
(6). However, this relationship is not characteristic of

testosterone administration. The demonstrated 57%
increase in blood flow was associated with an increased
shunting of the essential amino acids phenylalanine
and lysine (FV,A; Table 2). Thus, unlike insulin, where
an increase in amino acid transport leads to an increase
in protein synthesis, testosterone can increase protein
synthesis without a concomitant increase in amino acid
transport.

Because inward amino acid transport was not in-
creased, intracellular amino acid availability for pro-
tein synthesis must be maintained by other mecha-
nisms. During the fasted state, protein breakdown is
normally much higher than protein synthesis (5, 6, 10)
(Table 2, Fig. 2). Thus an ample supply of intracellular
amino acids should be available to support a stimula-
tion in protein synthesis. The strong relationship be-
tween protein breakdown and protein synthesis after
testosterone injection (Fig. 3) supports the notion of
increased efficiency of reutilization of amino acids from
protein breakdown. Further support for increased reuti-
lization is reflected by the changes in the ratios of
outward transport to protein breakdown (FV,M/FM,O)
and protein synthesis to protein breakdown (FO,M/FM,O).
The ratio FV,M/FM,O decreased from 2.2 in the basal state
to 1.3 (P , 0.05) 5 days after testosterone injection,
whereas FO,M/FM,O increased from 0.67 to 1.0 (P , 0.02;
Table 2). These changes indicate that testosterone
injection results in a channeling of amino acids from

Table 3. Leg arteriovenous
amino acid nitrogen balance

Preinjection
5 days

Postinjection

Essential N 20.5360.15 10.3260.31*
Nonessential N 21.0260.17 11.0260.55*

Values are means 6 SE. Units are µmol ·min21 ·100 ml leg21.
Essential amino nitrogen does not include methionine. *Values are
significantly greater 5 days postinjection than preinjection, P , 0.05.

Fig. 3. Correlation of model-derived values (with 95% confidence
intervals) of protein synthesis (FO,M; Eq. 8) and protein breakdown
(FM,O; Eq. 7) as calculated by phenylalanine (A) and lysine (B) tracers
before and after testosterone injection (n 5 14). Units are
nmol ·min21 ·100 ml leg21.
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protein breakdown back into protein, rather than releas-
ing them to the blood. The change in amino acid
nitrogen balance across the leg after injection (Table 3)
provides further evidence of this reutilization. Neverthe-
less, extracellular amino acids must supply a certain
portion of the precursors for synthesis after testoster-
one (FM,A is ,55% of RaM; Table 2). If this were not the
case, it would not be possible for the muscle to be in zero
balance, because there is a given rate of amino acid
oxidation in the muscle. The absence of change in
inward transport (FM,A) indicates that the basal rate
was sufficient to supply the amino acids required to
maintain zero balance. In addition, the absence of
change in FM,A indicates that testosterone has limited
effects on the splanchnic supply of amino acids to the
periphery. The decrease in whole body appearance of
phenylalanine and leucine further indicates that amino
acids are not required from the splanchnic region,
because whole body measures primarily reflect splanch-
nic metabolism in the fasted state (10).

The increase in protein synthesis resulting from
testosterone injection was capable of ameliorating the
net amino acid efflux and protein catabolism of fasting,
restoring each to a zero balance across skeletal muscle.
For this metabolic state to continue, efficient reutiliza-
tion of intracellular amino acids would also have to
continue. Eventually an increase in protein turnover
would be required to support continued synthesis in the
muscle. Our data indicate that, after ,14 h of fasting,
an increase in protein breakdown was forthcoming as
direct FBR determination approached significance.
However, fasting of this nature is normally limited, and
subsequent feeding would provide an additional ana-
bolic stimulus (amino acids and/or insulin) for contin-
ued protein synthesis (7). Over time, this continued net
protein synthesis could lead to an accretion of lean body
mass (2).

The findings of the present study are in accordance
with previous studies indicating marked increases in
muscle protein synthesis with testosterone administra-
tion (8, 14, 19). Our methodology allows a simultaneous
determination of muscle protein breakdown that dem-
onstrated an increase in net protein synthesis as the
main result of testosterone administration. We utilized
a testosterone dose that is typical of clinical replace-
ment dosages (3, 14, 18, 19); however, the exact testos-
terone concentration required to evoke this response is
uncertain. Although testosterone concentrations on the
day of the infusion protocol (5 days postinjection) were
in the upper physiological range, they were twice the
physiological range 2 days (study day 3) after injection.
Although a testosterone dose dependency is uncertain,
a slightly supraphysiological dose used in the current
study is associated with increased net protein synthe-
sis.

We cannot rule out the possibility that an increase in
testosterone has an indirect, or perhaps secondary,
effect on the stimulation of protein synthesis. Testoster-
one enanthate administration has been shown to in-
crease IGF-I concentrations in normal men (16). Al-
though IGF-I levels were not measured in the present

study, we have previously shown that the increase in
protein synthesis with testosterone administration may
be mediated by the stimulation of the intramuscular
IGF-I system (19). Thus it is possible that an elevation
of both testosterone and IGF-I is required, or that
testosterone stimulates protein synthesis through a
secondary system or hormone such as IGF-I.

In conclusion, testosterone injection resulted in an
increase in net muscle protein synthesis that amelio-
rated the catabolism and net amino acid efflux of
fasting. However, this increase in skeletal muscle pro-
tein synthesis was not supported by an increase in
tissue transport of amino acids, but rather a reutiliza-
tion of intracellular amino acids.
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