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In this study, food-deprived (18 h) control rats and rats
with alloxan-induced diabetes were orally administered
saline or the amino acid leucine to assess whether it
regulates protein synthesis independently of a change
in serum insulin concentrations. Immediately after
leucine administration, diabetic rats were infused with
insulin (0.0, 4.0, or 20 pmol 䡠 min–1 䡠 kg–1) for 1 h to
examine the role of the hormone in the protein synthetic response to leucine. In control rats, leucine
stimulated protein synthesis by 58% and increased
phosphorylation of the translational repressor, eukaryotic initiation factor (eIF) 4E-binding protein (BP)-1,
4E-BP1, fivefold. Consequently, association of the
mRNA cap-binding protein eukaryotic initiation factor
(eIF)4E with 4E-BP1 was reduced to 50% of control
values, and eIF4G•eIF4E complex assembly was increased 80%. Furthermore, leucine increased the phosphorylation of the 70-kDa ribosomal protein S6 (rp S6)
and the ribosomal protein S6 kinase (S6K1). Diabetes
attenuated protein synthesis compared with control
rats. Nonetheless, in diabetic rats, leucine increased
protein synthesis by 53% without concomitant changes
in the phosphorylation of 4E-BP1 or S6K1. Skeletal
muscle protein synthesis was stimulated in diabetic rats
infused with insulin, but rates of synthesis remained
less than values in nondiabetic controls that were administered leucine. Phosphorylation of 4E-BP1 and
S6K1 was increased in diabetic rats infused with insulin
in a dose-dependent manner, and the response was
enhanced by leucine. The results suggest that leucine
enhances protein synthesis in skeletal muscle through
both insulin-dependent and -independent mechanisms.
The insulin-dependent mechanism is associated with
increased phosphorylation of 4E-BP1 and S6K1. In contrast, the insulin-independent effect on protein synthesis is mediated by an unknown mechanism. Diabetes 51:
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A

fter consumption of a protein-containing meal,
the fractional rate of protein synthesis of total
mixed proteins in skeletal muscle of growing
animals is upregulated. Two vital components
of this response are elevations in circulating concentrations of the hormone insulin and an increase in amino acid
supply. The relative importance of each of these components in regulating protein synthesis continues to be a
topic of investigation and controversy. Several reports
indicate that physiological increases in circulating insulin
concentrations are not sufficient to stimulate protein synthesis in food-deprived rats (1– 4). When postabsorptive
rats are administered an oral bolus of carbohydrate alone,
no change in protein synthesis is observed. In contrast,
when food-deprived rats are administered an isocaloric
macronutrient-mixed meal, rates of protein synthesis are
stimulated (1). Plasma insulin concentrations in rats administered either meal are similar; hence, the enhanced
rate of recovery in rats administered a mixed meal cannot
be attributed to a differential insulin response between the
groups. Likewise, when fasted rats are refed a diet devoid
of protein, no change in rates of muscle protein synthesis
is observed. However, refeeding a diet containing 20%
protein stimulates rates of protein synthesis in skeletal
muscle compared with fasted controls (4). Thus, dietary
protein appears to play a pivotal role in regulating protein
synthesis after food intake.
Additional studies suggest that the anabolic effect of
dietary protein may be attributable to specific amino acids.
Garlick and Grant (5) reported that infusion of glucose, in
addition to the branched-chain amino acids, leucine, isoleucine, and valine, stimulates protein synthesis in skeletal
muscle of rats that were food deprived overnight. Most,
and perhaps all, of the effect of the branched-chain amino
acids to enhance rates of protein synthesis in skeletal
muscle may be attributed to leucine alone. Leucine independently enhances protein synthesis in isolated muscle
preparations (6 – 8) and in perfused rat hindlimb preparations (9). More recently, it was demonstrated that oral
administration of leucine stimulates protein synthesis in
skeletal muscle of food-deprived rats (10,11). However, a
time course analysis revealed that oral administration of
leucine also results in a transient elevation in circulating
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concentrations of insulin (12). Furthermore, when insulin
is stabilized at fasting levels by somatostatin infusion,
rates of protein synthesis in skeletal muscle are refractory
to oral administration of leucine (12). Therefore, although
physiological increases in serum insulin do not independently stimulate protein synthesis in skeletal muscle of
food-deprived rats, a transient increase in the circulating
concentration of the hormone may be permissive for the
leucine-induced stimulation of protein synthesis.
The mechanism through which muscle cells recognize
and respond to oral administration of leucine remains to
be determined. Nonetheless, it has been established that
the effect of leucine to regulate protein synthesis involves
the initiation of mRNA translation (6,9). Oral administration of leucine to food-deprived rats enhances protein
synthesis in skeletal muscle in association with hyperphosphorylation of the translational repressor, eukaryotic
initiation factor (eIF) 4E-binding protein (BP)-1, and enhances the availability of the mRNA cap-BP eIF4E for
binding eIF4G and assembly of the initiation complex
known as eIF4F (13–15). The eIF4F complex collectively
serves to recognize, unfold, and guide the mRNA to the 40
S ribosomal subunit. Additionally, leucine administration
increases the phosphorylation state of the 70-kDa ribosomal protein S6 kinase (S6K1) (11). Phosphorylation of
S6K1 is associated with its activation and results in the
hyperphosphorylation of ribosomal protein S6 (rp S6)
(16,17). Activation of S6K1 facilitates the translation of a
class of mRNAs containing terminal oligopyrimidine tracts
at the 5⬘ end of the message (TOP mRNAs) (18). TOP
mRNAs encode elements of the translational apparatus,
including ribosomal proteins and elongation factors. Thus,
by promoting hyperphosphorylation of S6K1, leucine may
enhance the synthesis of proteins involved in translation
and ribosome biogenesis.
Transient elevations in circulating insulin concentrations may also facilitate increases in the phosphorylation
states of both 4E-BP1 and S6K1 after administration of
leucine. Infusion of somatostatin partially attenuates but
does not altogether prevent the leucine-induced hyperphosphorylation of these proteins in skeletal muscle of
food-deprived rats (12). No study has examined whether
leucine can modulate the phosphorylation of 4E-BP1 and
S6K1 independently of changes in circulating insulin concentrations. Thus, the contribution of basal levels of
insulin to alterations in translation initiation factor function remains to be determined.
In the present study, alloxan-treated diabetic rats were
orally administered leucine to assess whether dietary
amino acids regulate protein synthesis and translation
initiation factor function in skeletal muscle independently
of insulin. To determine the contribution of insulin to the
protein synthetic response to leucine, diabetic rats were
infused with the hormone at two different rates. The first
infusion rate (4.0 pmol 䡠 min–1 䡠 kg–1) was chosen to restore
circulating insulin concentrations to values observed in
nondiabetic control rats. The other rate of infusion (20
pmol 䡠 min–1 䡠 kg–1) was designed to increase serum insulin
concentrations to values observed in control rats after oral
administration of leucine. The results suggest that oral
administration of leucine enhances protein synthesis in
skeletal muscle through both insulin-dependent and -indeDIABETES, VOL. 51, APRIL 2002

pendent mechanisms. The insulin-dependent mechanism
occurs in association with hyperphosphorylation of 4EBP1 and enhanced assembly of the eIF4G•eIF4E complex
as well as increased phosphorylation of S6K1. In contrast,
leucine also enhances protein synthesis in diabetic rats
independent of alterations in serum insulin and without
concomitant changes in the phosphorylation states of
4E-BP1 or S6K1.
RESEARCH DESIGN AND METHODS
Animals. The animal facilities and protocol were reviewed and approved by
the Institutional Animal Care and Use Committee of The Pennsylvania State
University College of Medicine. Male Sprague-Dawley rats were housed at a
constant temperature, exposed to a 12-h light-dark cycle, and maintained on
standard rodent chow (Harlan-Teklad Rodent Chow; Harlan, Madison, WI)
and water ad libitum for at least 1 week before the initiation of experimental
procedures. All experiments were performed at the beginning of the light
cycle. Unless otherwise noted, rats weighed ⬃200 g on the day of the
experiment.
Experimental design. Diabetes was induced in postabsorptive rats by
intravenous injection of alloxan (48 mg/kg body wt in 0.155 mol/l saline)
(Sigma, St. Louis, MO) as previously described (19,20). A blood sample was
taken daily from the tail vein to confirm the presence of hyperglycemia (⬎17
mmol/l glucose). Experiments were performed 3 days after alloxan administration. The average weight of diabetic rats (173 ⫾ 5 g) on the day of the
experiment was less than controls (198 ⫾ 8 g, P ⬍ 0.05).
Both control and diabetic rats were food deprived for 18 h before the day
of the experiment and then administered saline (0.155 mol/l) or 1.35 g/kg body
wt leucine (prepared as 54.0 g/l L-amino acid in distilled water) by oral gavage.
The volume of the leucine suspension administered was 2.5 ml/100 g body wt.
The amount of leucine administered was equivalent to that consumed in a 24-h
period when rats of this age and strain are provided free access to food (10).
Immediately after gavage, rats were immobilized in a perforated cloth, and a
27-gauge needle, attached to a length of polypropylene tubing, was inserted
into the lateral tail vein as previously described (21). Human insulin (Eli Lilly,
Indianapolis, IN) was administered intravenously as a primed constant
infusion (0 pmol/kg ⫹ 0 pmol 䡠 min–1 䡠 kg–1, 160 pmol/kg ⫹ 4.0 pmol 䡠 min–1 䡠
kg–1, or 800 pmol/kg ⫹ 20 pmol 䡠 min–1 䡠 kg–1) to rapidly raise serum insulin
concentrations to the desired level (C.H.L., unpublished observations). Control rats were similarly infused with vehicle (0.155 mol/l NaCl, 0.2% BSA). The
infusion rates of 4.0 and 20 pmol 䡠 min–1 䡠 kg–1 were chosen to restore
circulating insulin concentrations in diabetic rats to those observed in
nondiabetic control rats that were either food deprived or orally administered
leucine, respectively.
Administration of metabolic tracer and sample collection. A flooding
dose (1.0 ml per 100 g body wt) of L-[2,3,4,5,6-3H]phenylalanine (150 mmol/l
containing 100 Ci/ml) was injected via the tail vein 10 min before sample
collection for the measurement of synthesis of total mixed proteins in skeletal
muscle (22). Rats were killed by decapitation at 60 min after oral gavage.
Blood was collected and centrifuged at 1,800g for 10 min at 4°C to obtain
serum. The left gastrocnemius and plantaris were excised as a unit, quickly
frozen in liquid N2, and used for the determination of muscle protein and RNA
contents as described below. The contralateral hindlimb muscles were
excised as a unit, weighed, and homogenized in seven volumes of buffer
consisting of (in mmol/l) 20 N-2-hydroxyethylpiperazine-N⬘-2-ethanesulfonic
acid (pH 7.4), 100 KCl, 0.2 EDTA, 2 ethylene glycol-bis (␤-aminoethyl
ether)-N,N,N⬘,N⬘-tetraacetic acid, 1 dithiothreitol, 50 sodium fluoride, 50
␤-glycerophosphate, 0.1 phenylmethylsulfonyl fluoride, 1 benzamidine, and 0.5
sodium vanadate. An aliquot (0.5 ml) was used for the measurement of
skeletal muscle protein synthesis as described below. The remainder of the
homogenate was immediately centrifuged at 10,000g for 10 min at 4°C. The
supernatant was used for analysis of translation initiation factor function and
phosphorylation status as described below.
Serum measurements. Serum glucose was analyzed by a glucose oxidaseperoxidase automated method (YSI Model 2300 analyzer; Yellow Springs
Instruments, Yellow Springs, OH). Serum insulin concentrations were analyzed using a commercial radioimmunoassay kit for rat insulin (Linco Research, St. Charles, MO). Serum amino acid concentrations were determined
by derivatizing with phenylisothiocyanate, followed by high-performance
liquid chromatography analysis as previously described (22a).
Measurement of protein and RNA contents in skeletal muscle. Protein
and RNA contents in frozen muscle samples were analyzed according to the
method of Schmidt and Thannhauser (23), which was later modified by Fleck
and Munro (24) and Gautsch et al. (25). Frozen muscle samples (100 mg) were
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placed in 17 ⫻ 100-mm polypropylene tubes containing 4 ml distilled water
and homogenized using a Polytron (Kinematica, Luzern, Switzerland) for 10 s
at speed 5. The polytron was rinsed with 4 ml distilled water followed by 4 ml
of 0.6 mol/l HClO4, and then the rinses were added to the original homogenate.
The centrifuge tubes were placed on ice for 10 min to allow proteins and RNA
to precipitate and were then centrifuged at 6,000g for 15 min. The supernatant
was discarded, and the pellet was washed twice with 4 ml of 0.2 mol/l HClO4.
Next, the pellet was solubilized in 6 ml of 0.3 mol/l KOH for 1 h at 37°C. The
samples were then divided into three 2-ml portions. One portion was used to
ascertain protein content in duplicate using the Bio-Rad Protein Assay
(Bio-Rad Laboratories, Hercules, CA), with crystalline BSA as a standard. The
remaining portions were used to determine tissue RNA content. HClO4 (1.2 ml
of 1.2 mol/l) was added to the duplicate samples, and the tubes were placed
on ice for 10 min and centrifuged at 6,000g to precipitate DNA. The
supernatant containing RNA was transferred into a new centrifuge tube. The
pellet was washed with 3 ml of 0.2 mol/l HClO4, and the supernatant was
combined with the first. The RNA concentration of the supernatant was
calculated as follows: g RNA/ml ⫽ [32.6 (A260) ⫺ 6.11(A232)] ⫻ 6.2 (sample
volume in milliliters) ⫻ 3 (dilution factor).
Measurement of protein synthesis in skeletal muscle. Fractional rates of
skeletal muscle protein synthesis were estimated from the rate of incorporation of radioactive phenylalanine into muscle protein using the specific
radioactivity of serum phenylalanine as representative of the precursor pool
(26). Previous studies have demonstrated that aminoacyl-tRNA and blood- and
tissue-free amino acid pools are rapidly equilibrated after administration of a
flooding dose of phenylalanine in vivo (27). The elapsed time from injection of
the metabolic tracer until homogenization of muscle was recorded as the
actual time for incorporation of radiolabeled amino acid into protein.
The rate of protein synthesis, expressed as nmol/l of phenylalanine
incorporated into protein per hour per milligram of muscle protein (nmol
phe/[mg protein 䡠 h]), was calculated by dividing the disintegrations per hour
incorporated into protein by the serum phenylalanine specific radioactivity
(26). Translational efficiency expressed as nmol/l of phenylalanine incorporated into protein per milligram of RNA (nmol phe/[mg RNA 䡠 h]) was
determined by dividing the rates of protein synthesis by the amount of RNA
per milligram muscle protein.
Phosphorylation of protein kinase B on Ser 473. Phosphorylation of
protein kinase B (PKB) on Ser 473 was examined in 10,000g supernatants by
protein immunoblot analysis as previously described (28). Duplicate sets of
samples were resolved on polyacrylamide gels. The proteins in the gels were
transferred to two separate polyvinylidene difluoride membranes. One membrane was incubated with an anti-PKB antibody (New England Biolabs,
Beverly, MA). The second membrane was incubated with a rabbit polyclonal
antibody, which specifically recognizes phosphorylation of PKB on Ser 473
(New England Biolabs). The amount of phosphorylation on Ser 473 was
normalized for the total amount of PKB in the muscle homogenate.
4E-BP1 phosphorylation state. An aliquot of the 10,000g supernatant from
skeletal muscle was boiled for 10 min, cooled to room temperature, and then
centrifuged at 10,000g for 30 min at 4°C. The supernatant was then used for
protein immunoblot analysis using a rabbit anti–rat 4E-BP1 antibody as
previously described (29).
Analysis of 4E-BP1•eIF4E and eIF4G•eIF4E complexes. eIF4E was
immunoprecipitated from 10,000g supernatants of muscle homogenates using
a monoclonal antibody to eIF4E (29). Next, samples were subjected to
immunoblot analysis using polyclonal antibodies to either 4E-BP1 or eIF4G to
determine the association of 4E-BP1 and eIF4G with eIF4E, respectively (29).
Results were normalized to the amount of eIF4E in the immunoprecipitates.
Phosphorylation of S6K1. The phosphorylation state of S6K1 was analyzed
in 10,000g supernatants by protein immunoblot analysis using a rabbit
polycolonal S6K1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) as
previously described (1).
Phosphorylation of S6K1 on Thr 389 was determined in 10,000g supernatants by protein immunoblot analysis as previously described (29). Membranes were incubated with a rabbit polyclonal antibody, which specifically
recognizes phosphorylation of S6K1 on Thr 389 (New England Biolabs).
Phosphorylation of rp S6. Phosphorylation of rp S6 was examined in
10,000g supernatants by protein immunoblot analysis as previously described
(28). Membranes were incubated with an anti-phosphopeptide antibody
specific for phosphorylated rp S6 (a kind gift from Dr. Morris J. Birnbaum,
Department of Medicine, University of Pennsylvania, Philadelphia).
Statistical analysis. All data were analyzed by the STATISTICA statistical
software package for the Macintosh, volume II (StatSoft, Tulsa, OK). All data
were analyzed using a one-way ANOVA to assess main effects, with the
treatment group as the independent variable. When a significant overall effect
was detected, differences among individual means were assessed with Dun930

FIG. 1. Serum glucose (A) and insulin (B) concentrations in fooddeprived control and diabetic rats that were administered leucine and
intravenously infused with insulin. Control (Con) and diabetic rats
were food deprived (hatched bars) or orally administered leucine
(solid bars). Immediately after leucine administration, insulin was
infused into diabetic rats via a tail vein catheter at rates of 0.0, 4.0, or
20 pmol 䡠 min–1 䡠 kg–1 for 1 h. Control rats were similarly infused with
vehicle (0.155 mol/l NaCl, 0.2% BSA). Values are means ⴞ SE, n ⴝ 4 – 8.
Means not sharing a superscript are different, P < 0.05.
can’s Multiple Range posthoc test. The level of significance was set at P ⬍ 0.05
for all statistical tests.

RESULTS

In the present study, diabetes was confirmed by the
presence of hyperglycemia (Fig. 1A) and insulinopenia
(Fig. 1B). Serum glucose concentrations were increased
more than threefold in diabetic compared with control
rats. Infusion of insulin at 4.0 pmol 䡠 min–1 䡠 kg–1 did not
significantly reduce concentrations of glucose in the diabetic rats. In contrast, infusion of insulin at 20 pmol 䡠 min–1
䡠 kg–1 for 1 h tended to normalize serum glucose; the values
were statistically intermediate between nondiabetic controls and diabetic rats that were not infused with insulin.
Oral administration of leucine did not alter serum glucose
concentrations in either control or diabetic rats. In diabetic rats, serum insulin concentrations were 25% of
food-deprived control values. The infusion rates of 4.0 and
20 pmol 䡠 min–1 䡠 kg–1 restored circulating insulin concentrations in diabetic rats to levels observed in nondiabetic
control rats that were either food deprived or orally
administered leucine, respectively. Oral administration of
leucine increased circulating concentrations of insulin in
food-deprived control rats, but it did not alter insulin in
diabetic animals.
In food-deprived diabetic rats, rates of protein synthesis
in skeletal muscle were reduced to 35% of the values
observed in food-deprived nondiabetic controls (Fig. 2A).
DIABETES, VOL. 51, APRIL 2002
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FIG. 2. Protein synthesis (A), RNA concentration (B), and translational efficiency (C) in skeletal muscle of food-deprived control and
diabetic rats that were administered leucine and intravenously infused
with insulin. Control (Con) and diabetic rats were food-deprived
(hatched bars) or orally administered leucine (solid bars). Immediately after leucine administration, insulin was infused into diabetic
rats via a tail vein catheter at rates of 0.0, 4.0, or 20 pmol 䡠 min–1 䡠 kg–1
for 1 h. Control rats were similarly infused with vehicle (0.155 mol/l
NaCl, 0.2% BSA). Values are means ⴞ SE, n ⴝ 4 – 8. Means not sharing
a superscript are different, P < 0.05.

Infusion of insulin at 4.0 pmol 䡠 min–1 䡠 kg–1 did not
enhance muscle protein synthesis in food-deprived diabetic rats. In contrast, replacing insulin at 20 pmol 䡠 min–1
䡠 kg–1 independently elevated rates of protein synthesis
compared with food-deprived diabetic rats, but protein
synthesis remained less than values observed in fooddeprived nondiabetic controls.
In control rats, oral administration of leucine resulted in
a 58% increase in the rate of protein synthesis in skeletal
muscle. Leucine administration also resulted in a 53%
increase in protein synthesis in skeletal muscle of diabetic
rats. The protein synthetic response to leucine was enhanced in diabetic rats infused with insulin. However,
recovery of muscle protein synthesis remained incomplete. When diabetic rats were orally administered leucine
and then infused with insulin at either 4.0 or 20 pmol 䡠
min–1 䡠 kg–1, rates of muscle protein synthesis were
increased 46% (P ⫽ 0.06) and 48% (P ⬍ 0.05), respectively,
DIABETES, VOL. 51, APRIL 2002

above leucine-treated diabetic rats that were not infused
with insulin. These values were equivalent to fooddeprived control values but substantially less than values
observed in control rats administered leucine.
Both translational capacity (tissue ribosomal content)
and translational efficiency (protein synthesized per ribosome) have been shown to contribute to the attenuation of
muscle protein synthesis in diabetic rats (19). Therefore,
these parameters were examined to assess whether alterations in tissue ribosomal content could explain the incomplete recovery of muscle protein synthesis in diabetic
rats infused with insulin. Total muscle RNA content was
used as an index of changes in translational capacity
because ⬎80% of total RNA is ribosomal. RNA content per
gram of skeletal muscle was reduced to ⬃85% of control
values and was unchanged by either leucine or insulin
treatment (Fig. 2B), suggesting that only a small portion of
the decline in muscle protein synthesis rates in diabetic
rats can be attributed to alterations in translational capacity. As an index of translational efficiency, rates of protein
synthesis were expressed relative to skeletal muscle RNA
concentrations (Fig. 2C). Changes in translational efficiency in diabetic rats resembled changes in protein
synthesis, i.e., insulin infusion enhanced translational efficiency in a dose-dependent manner. However, rates of
translational efficiency in diabetic rats administered
leucine and infused with insulin remained attenuated
compared with control. The results suggest that the inability of insulin to restore rates of protein synthesis in
diabetic rats administered leucine to control values cannot
be entirely attributed to a decline in translational capacity.
Rather, the results indicate that impaired translational
efficiency is a key contributor. The impaired translational
efficiency observed in the presence of both leucine and
insulin administration indicates a role for other regulatory
factors that are altered as a result of 3 days of diabetes and
that are not corrected by 1 h of hormone replacement.
Thus, the experimental model used in these experiments
should not be viewed as one in which insulin is simply
removed and then replaced.
To assess whether reduced translational efficiency in
skeletal muscle of diabetic rats resulted from resistance to
insulin action on early insulin signaling events, we examined phosphorylation of PKB on Ser 473, a residue whose
phosphorylation is associated with increased activation of
the protein (30). In both control and diabetic rats, oral
administration of leucine did not enhance the phosphorylation of PKB on Ser 473 (Fig. 3). Rather, changes in PKB
phosphorylation reflected alterations in circulating insulin
concentrations in diabetic rats. Thus, in diabetic rats, PKB
phosphorylation was reduced compared with control. Restoration of circulating insulin concentrations to fasting
levels enhanced the phosphorylation of PKB, resulting in
values that were equivalent to control rats. The phosphorylation of PKB was further enhanced in diabetic rats
infused with insulin at a rate that restored circulating
concentrations of the hormone to values observed in
control rats administered leucine. The reason for the
dramatic increase in PKB phosphorylation in the latter
group of diabetic rats is unknown. However, the results
would suggest that insulin signaling through PKB is not
impaired with diabetes. In fact, phosphorylation of PKB in
931
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FIG. 3. Phosphorylation of PKB on Ser 473 in skeletal muscle of
food-deprived control and diabetic rats that were administered leucine
and infused intravenously with insulin. Control (Con) and diabetic rats
were food deprived (hatched bars) or orally administered leucine
(solid bars). Immediately after leucine administration, insulin was
infused into diabetic rats via a tail vein catheter at rates of 0.0, 4.0, or
20 pmol 䡠 min–1 䡠 kg–1 for 1 h. Control rats were similarly infused with
vehicle (0.155 mol/l NaCl, 0.2% BSA). Inset shows a representative
immunoblot with phosphorylated Ser 473 noted to the right. The
amount of phosphorylation on Ser 473 was normalized for the total
amount of PKB in the muscle homogenate. Values are means ⴞ SE, n ⴝ
4 – 8. Means not sharing a superscript are different, P < 0.05.

the diabetic rats appeared more sensitive to changes in
insulin availability than in control rats because the elevation in serum insulin associated with leucine administration did not enhance PKB phosphorylation in skeletal
muscle of food-deprived controls.
To further define the mechanism(s) by which leucine
stimulates protein synthesis in diabetic rats, alterations in
translation initiation factor phosphorylation and/or association in skeletal muscle were assessed. In control rats,
oral administration of leucine increased the phosphorylation of 4E-BP1 (Fig. 4A), and the amount of eIF4E bound
in an inactive complex with the BP was reduced (Fig. 4B).
Likewise, leucine administration enhanced the assembly
of the eIF4G•eIF4E complex (Fig. 4C). In diabetic rats,
phosphorylation of 4E-BP1 was reduced compared with
food-deprived controls, resulting in an increase in the
association of 4E-BP1 with eIF4E and a decrease in the
amount of the eIF4G•eIF4E complex. Leucine administration did not alter the phosphorylation of 4E-BP1 or the
association of eIF4E with 4E-BP1 or eIF4G in diabetic rats
that were not infused with insulin. However, it is noteworthy that the association of eIF4G with eIF4E tended to be
greater in diabetic rats administered leucine compared
with food-deprived diabetic controls (P ⫽ 0.08). As a note
of caution, it should be mentioned that methodological
limitations may have contributed to the failure to achieve
statistically significant differences in translation initiation
factor phosphorylation and/or association under conditions in which a modest but significant change in translational efficiency occurred (Fig. 2A). Insulin, infused into
diabetic rats at a rate that restored circulating concentrations of the hormone to levels observed in food-deprived
control rats, had no effect on the phosphorylation of
932

FIG. 4. Phosphorylation state of eIF 4E-BP1, and the amount of 4E-BP1
and eIF4G associated with eIF4E in skeletal muscle of food-deprived
control and diabetic rats that were administered leucine and infused
intravenously with insulin. Control (Con) and diabetic rats were food
deprived (hatched bars) or orally administered leucine (solid bars).
Immediately after leucine administration, insulin was infused into
diabetic rats via a tail vein catheter at rates of 0.0, 4.0, or 20 pmol 䡠
min–1 䡠 kg–1 for 1 h. Control rats were similarly infused with vehicle
(0.155 mol/l NaCl, 0.2% BSA). A: Amount of 4E-BP1 in the ␥-phosphorylated form as a percentage of the total 4E-BP1. Inset shows a
representative immunoblot with positions of ␣-, ␤-, and ␥-forms of
4E-BP1 noted to the right. The most highly phosphorylated form, i.e.,
the ␥-form, exhibits the slowest electrophoretic mobility and does not
bind eIF4E. Therefore, phosphorylation of 4E-BP1 was expressed as
the percentage of the protein in the ␥-form. B: Amount of 4E-BP1
associated with eIF4E. Inset shows a representative immunoblot with
positions of ␣- and ␤-forms of 4E-BP1 noted to the right. C: Amount of
eIF4G associated with eIF4E. Inset shows a representative immunoblot with eIF4G noted to the right. Values are means ⴞ SE, n ⴝ 4 – 8.
Means not sharing a superscript are different, P < 0.05.

4E-BP1 or the association of eIF4E with 4E-BP1 and
eIF4G. Conversely, when infused at 20 pmol 䡠 min–1 䡠 kg–1,
insulin tended to increase 4E-BP1 phosphorylation in
skeletal muscle (P ⫽ 0.09). As a result, the amount of the
inactive 4E-BP1•eIF4E complex was decreased and the
availability of eIF4E for binding eIF4G was increased
compared with diabetic rats that did not receive insulin
and equivalent to values observed in food-deprived controls. Furthermore, complete recovery of 4E-BP1 phosphorylation was observed in diabetic rats administered
leucine and infused with insulin at the higher rate. Moreover, the amount of eIF4E associated with 4E-BP1 and
DIABETES, VOL. 51, APRIL 2002
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and S6K1 and may suggest an impaired ability to recognize
and respond to changes in leucine supply in diabetic rats.
Overall, the data therefore demonstrate that the mTOR
pathway responds appropriately to leucine and insulin
administration in the diabetic rat. Yet, translational efficiency is not fully restored, implicating the involvement of
additional unidentified mechanisms.
DISCUSSION

FIG. 5. Phosphorylation states of the 70-kDa S6K1 and rp S6 in skeletal
muscle of food-deprived control and diabetic rats that were administered leucine and infused intravenously with insulin. Control (Con)
and diabetic rats were food deprived (hatched bars) or orally administered leucine (solid bars). Immediately after leucine administration,
insulin was infused into diabetic rats via a tail vein catheter at rates of
0.0, 4.0, or 20 pmol 䡠 min–1 䡠 kg–1 for 1 h. Control rats were similarly
infused with vehicle (0.155 mol/l NaCl, 0.2% BSA). A: Phosphorylation
of S6K1. Arrows indicate multiple electrophoretic forms of S6K1 with
the most highly phosphorylated forms exhibiting the slowest electrophoretic mobility. Data shown are representative of four to eight rats
per condition. B: Phosphorylation of S6K1 on Thr 389, a residue whose
phosphorylation is associated with increased activation of the protein.
Data shown are representative of four to eight rats per condition. C:
Phosphorylation of rp S6. Inset shows a representative immunoblot
with phosphorylated rp S6 noted to the right. Values are means ⴞ SE,
n ⴝ 4 – 8. Means not sharing a superscript are different, P < 0.05.

eIF4G was equivalent to values obtained in muscle extracts from control rats administered leucine.
Oral administration of leucine also promoted increased
phosphorylation of S6K1 (Fig. 5A). The leucine-induced
hyperphosphorylation of S6K1 was associated with increased phosphorylation of the kinase on Thr 389, a
residue whose phosphorylation is associated with increased activation of the protein (Fig. 5B) (31). As a result,
oral administration of leucine enhanced the phosphorylation of rp S6 in food-deprived controls (Fig. 5C). In
diabetic rats the phosphorylation states of S6K1 and rp S6
were similar to food-deprived controls, and leucine did not
affect the phosphorylation of either protein. Infusion of
insulin into diabetic rats enhanced the phosphorylation of
both S6K1 and rp S6 in a dose-dependent manner, and in
diabetic rats administered leucine and infused with insulin
at 20 pmol 䡠 min–1 䡠 kg–1, phosphorylation of these proteins
exceeded values observed in control rats. These results
suggest that the inhibition of protein synthesis in diabetic
rats administered leucine and infused with insulin cannot
be explained by impaired signaling of insulin to 4E-BP1
DIABETES, VOL. 51, APRIL 2002

Adequate insulin availability is necessary for the maintenance of protein synthesis in skeletal muscle. In experimental models of diabetes, rates of protein synthesis are
reduced to 25–75% of control values, with the greatest
inhibition in skeletal muscle containing a high proportion
of fast-twitch fibers (19,32). The reduced rate of muscle
protein synthesis that accompanies diabetes is due in part
to downregulation of the initiation step of mRNA translation (19). Several translation initiation factors appear to be
involved in mediating the downregulation. Insulinopenic
diabetes is reported to decrease the phosphorylation state
of 4E-BP1 and increase the amount of eIF4E associated in
an inactive complex with the BP in skeletal muscle,
thereby reducing the availability of eIF4E for assembly the
eIF4F mRNA cap-binding complex (20). In the present
study, phosphorylation of 4E-BP1 was reduced in skeletal
muscle of diabetic rats compared with food-deprived
controls, resulting in an increase in the association of
4E-BP1 with eIF4E and a decrease in eIF4G•eIF4E complex formation. The reduction in eIF4F complex assembly
may explain, in part, the reduced translation efficiency in
skeletal muscle of diabetic rats.
Alterations in the phosphorylation state of rp S6 also
affects the rate of translation of those messages containing
TOP sequences in their 5⬘-untranslated region, which
includes messages encoding ribosomal proteins. In the
present study, changes in the phosphorylation state of
either S6K1 or rp S6 were not observed in diabetic
compared with food-deprived nondiabetic rats, suggesting
that the S6K1 signaling pathway is not attenuated in
skeletal muscle during diabetes. However, a small but
significant decrease in muscle ribosomal content was
observed in skeletal muscle of diabetic rats compared with
control rats. These results may suggest that tissue ribosome content is principally regulated at the level of
degradation in the diabetic rats. Alternatively, S6K1 signaling may be downregulated in the fed state in diabetic rats
compared with control.
Few studies have examined whether amino acids regulate muscle protein synthesis in diabetic rats (32,33).
Nakano and Hara (32) refed streptozotocin diabetic rats a
diet containing 25% casein and found that the incorporation rate of labeled phenylalanine into isolated gastrocnemius preparations was increased compared with fooddeprived diabetic controls. Furthermore, the addition of
leucine to the incubation medium stimulates the incorporation of labeled precursors into muscle proteins in hemidiaphragms isolated from diabetic rats compared with
hemidiaphragms incubated in the absence of the amino
acid (33). In the current study, oral administration of
leucine to diabetic rats enhanced muscle protein synthesis
compared with diabetic controls. Therefore, some portion
933

LEUCINE ENHANCES MUSCLE PROTEIN SYNTHESIS IN DIABETIC RATS

of the protein synthetic response to dietary leucine may
occur in the absence of insulin availability.
The protein synthetic response to leucine in diabetic
rats occurred without alterations in the phosphorylation
state of 4E-BP1 or significant alterations in eIF4G•eIF4E
complex assembly. Additionally, leucine did not promote
the hyperphosphorylation of S6K1 in diabetic rats. Accordingly, rp S6 phosphorylation was not increased in diabetic
rats receiving leucine compared with diabetic rats that
were food deprived. The data underscore the fact that an
adequate basal insulin concentration is required to facilitate the stimulatory effect of dietary leucine on 4E-BP1 and
S6K1 phosphorylation. Nonetheless, leucine stimulated
protein synthesis in diabetic rats. The results imply unique
regulation of translation control of muscle protein synthesis by leucine through an uncharacterized insulin-independent mechanism.
A number of reports have suggested that diabetes results in insulin resistance with regard to protein synthesis
(16,29,30). Pain and Garlick (34) reported that subcutaneous administration of pharmacological concentrations of
insulin to freely fed streptozotocin-induced diabetic rats
only increases the fractional rate of protein synthesis in
gastrocnemius muscle to values observed in food-deprived
nondiabetic controls. These findings are corroborated by
the results presented herein. Insulin replacement only
partially restored rates of muscle protein synthesis in
diabetic rats. However, the available evidence implies that
insulin resistance with regard to protein synthesis in
skeletal muscle of diabetic rats does not result from
defects in the proximal signaling events in the phosphoinositol 3-kinase (PI 3-K) signaling cascade. Phosphorylation of insulin receptor substrate (IRS) proteins, IRS-1 and
-2, in response to insulin is not impaired in skeletal muscle
in streptozotocin-treated diabetic rats (35–37). Furthermore, the amount of PI 3-K and PKB is not altered in
skeletal muscle of type 2 diabetic subjects (38). Though
some studies suggest that the insulin-induced activation is
impaired in diabetic rats (36) and humans (39), this may
only be true when insulin is used at pharmacological
doses. Krook et al. (39) reported that when muscle from
type 2 diabetic subjects is incubated in vitro with physiological concentrations of insulin, activation of PKB is
normal (39). Likewise, in the present study, restoration of
circulating insulin concentrations in diabetic rats to physiological levels enhanced the phosphorylation of PKB.
Hence, molecular defects resulting in insulin resistance
with respect to protein synthesis may involve more distal
steps in the PI 3-K signaling pathway.
Accumulating evidence points to the mammalian target
of rapamycin kinase, mTOR, which lies downstream of
PKB in the PI 3-K signaling pathway, as a convergence
point for both amino acid– and insulin-mediated effects on
translation initiation. mTOR serves as a bifurcation point
in the control of translation initiation, regulating the
phosphorylation of both 4E-BP1 and S6K1. Experiments in
HEK-293 cells demonstrate insulin treatment to induce
phosphorylation of mTOR at Ser 2448, a site that is
considered crucial in the activation of the kinase (40). On
the other hand, amino acid starvation reduces the phosphorylation of mTOR at Ser 2448 and makes the phosphorylation of this site refractory to insulin. Recently, the
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contribution of mTOR to the leucine-induced stimulation
of protein synthesis and translation initiation was investigated (41). Food-deprived rats were injected intravenously
with the immunosuppressant drug rapamycin, a specific
inhibitor of mTOR, 2 h before oral leucine administration.
It was reported that rapamycin completely prevents the
leucine-induced hyperphosphorylation of both 4E-BP1 and
S6K1. Furthermore, it was recently demonstrated that
although leucine enhances the phosphorylation of 4E-BP1
and S6K1 in the presence of fasting levels of insulin, a
maximal response requires an indirect effect of leucine on
pancreatic insulin release (12). The results presented here
underscore these earlier findings. In diabetic rats administered leucine and infused with insulin to restore circulating concentrations of the hormone to levels observed in
fasting controls, a partial restitution of mTOR-mediated
signaling events in translation initiation was observed in
skeletal muscle. In comparison, complete recovery of the
phosphorylation of 4E-BP1 and S6K1 was observed in
diabetic rats administered leucine and then infused with
insulin to mimic concentrations of the hormone observed
in control rats given leucine. Thus, the possibility exists
that mTOR may integrate both leucine- and insulin-mediated signals and thereby contribute to the regulation of
protein synthesis in skeletal muscle.
Prior investigations do not suggest that a defect in
mTOR signaling accounts for insulin resistance with respect to translational efficiency in skeletal muscle of
diabetic rats. Grzelkowska et al. (42) reported that rapamycin, an inhibitor of mTOR, reduces insulin-stimulated
rates of protein synthesis in isolated epitrochlearis muscle
of control rats to 64% of values obtained in muscles
incubated in the absence of the inhibitor. In contrast,
rapamycin further attenuates rates of insulin-stimulated
protein synthesis in muscle isolated from streptozotocininduced diabetic rats to 32% of values reported in diabetic
controls. Thus, a rapamycin-sensitive pathway makes a
greater contribution to the stimulatory effects of insulin on
protein synthesis in skeletal muscle of diabetic compared
with control rats. Furthermore, Kimball et al. (20) reported
that intraperitoneal injections of insulin enhance the phosphorylation state of 4E-BP1, reducing the amount of the
inactive 4E-BP1•eIF4E complex in skeletal muscle of
alloxan-treated diabetic rats to values observed in nondiabetic controls. However, the doses of insulin used to
stimulate protein synthesis in the aforementioned studies
were at pharmacological levels. One must consider that
supraphysiological levels of the hormone could potentially
compensate for defects in insulin signaling to the translational apparatus through mTOR. The results presented
herein suggest that physiological concentrations of insulin
promote recovery of mTOR-mediated events in translation
initiation. Infusion of insulin enhanced 4E-BP1 phosphorylation. Moreover, insulin promoted hyperphosphorylation
of S6K1. Taken together, these studies imply that the
impaired action of insulin on muscle protein synthesis in
diabetic rats does not result from a defect in mTOR
signaling. Collectively, the results indicate that the inhibition of protein synthesis observed in diabetic rats cannot
be explained by impaired signaling to the translational
apparatus through the PI 3-K/mTOR signaling cascade and
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suggest that signaling through an alternative pathway by
leucine and/or insulin must be dampened.
In summary, oral administration of leucine stimulated
protein synthesis in skeletal muscle of control rats, in
association with enhanced assembly of the mRNA capbinding complex, and increased phosphorylation of rp S6.
Leucine administration also elevated circulating concentrations of insulin. This increase in insulin enhanced
phosphorylation of 4E-BP1 and S6K1 and contributed to
the leucine-dependent regulation of protein synthesis.
However, a portion of the protein synthetic response to
leucine occurred through an insulin-independent pathway
because rates of protein synthesis in diabetic rats administered leucine were greater than in diabetic controls. The
stimulatory effect of leucine on muscle protein synthesis in
diabetic rats occurred in the absence of changes in the
phosphorylation states of 4E-BP1 and S6K1 and implies a
unique mechanism through which leucine regulates protein synthesis independently of insulin.
ACKNOWLEDGMENTS

This work was supported by research grants DK-15658
(L.S.J.), GM-38032 (C.H.L.), and RR-10732 (D.A.M.) from
the National Institutes of Health. J.C.A. is supported by a
training grant, GM-O8619, from the National Institutes of
Health, and T.G.A. is supported by an American Diabetes
Association Postdoctoral Fellowship (L.S.J.).
The authors would like to acknowledge the expert
technical assistance of Lynne Hugendubler, Teresa Markle,
and Sharon Rannels.
REFERENCES
1. Gautsch TA, Anthony JC, Kimball SR, Paul GL, Layman DK, Jefferson LS:
Availability of eIF4E regulates skeletal muscle protein synthesis during
recovery from exercise. Am J Physiol 274:C406 –C414, 1998
2. Preedy VR, Garlick PJ: The response of muscle protein synthesis to
nutrient intake in postabsorptive rats: the role of insulin and amino acids.
Biosci Rep 6: 1986
3. Yoshizawa F, Endo M, Ide H, Yagasaki K, Funabiki R: Translational
regulation of protein synthesis in the liver and skeletal muscle of mice in
response to refeeding. J Nutr Biochem 6:130 –136, 1995
4. Yoshizawa F, Kimball SR, Jefferson LS: Modulation of translation initiation
in rat skeletal muscle and liver in response to food intake. Biochem
Biophys Res Commun 240:825– 831, 1997
5. Garlick PJ, Grant I: Amino acid infusion increases the sensitivity of muscle
protein synthesis in vivo to insulin. Biochem J 254:579 –584, 1988
6. Buse MG, Reid SS: Leucine: a possible regulator of protein turnover in
muscle. J Clin Invest 56:1250 –1261, 1975
7. Hong S-OC, Layman DK: Effects of leucine on in vitro protein synthesis and
degradation in rat skeletal muscles. J Nutr 114:1204 –1212, 1984
8. Tischler ME, Desautels M, Goldberg AL: Does leucine, leucyl-tRNA, or
some metabolite of leucine regulate protein synthesis in skeletal and
cardiac muscle? J Biol Chem 257:1613–1621, 1982
9. Li JB, Jefferson LS: Influence of amino acid availability on protein turnover in
perfused skeletal muscle. Biochimica et Biophysica Acta 544:351–359, 1978
10. Anthony JC, Anthony TG, Layman DK: Leucine supplementation enhances
skeletal muscle recovery in rats following exercise. J Nutr 129:1102–1106,
1999
11. Anthony JC, Anthony TG, Kimball SR, Vary TC, Jefferson LS: Orally
administered leucine stimulates protein synthesis in skeletal muscle of
postabsorptive rats in association with increased eIF4F formation. J Nutr
130:139 –145, 2000
12. Anthony JC, Lang CH, Crozier SJ, Anthony TG, MacLean DA, Kimball SR,
Jefferson LS: Contribution of insulin to the translational control of protein
synthesis in skeletal muscle by leucine. Am J Physiol. In press
13. Hershey JWB, Merrick WC: The pathway and mechanism of initiation of
protein synthesis. In Translational Control of Gene Expression. SonenDIABETES, VOL. 51, APRIL 2002

berg N, Hershey JWB, Mathews MB, Eds. Cold Spring Harbor, NY, Cold
Spring Harbor Laboratory, 2000, p. 33– 88
14. Kleijn M, Scheper GC, Voorma HO, Thomas AAM: Regulation of translation
initiation factors by signal transduction. Eur J Biochem 253:531–544, 1998
15. Sachs AB, Sarnow P, Hentze MW: Starting at the beginning, middle, and
end: translation initiation in eukaryotes. Cell 89:831– 838, 1997
16. Cheatham B, Vlahos CJ, Cheatham L, Wang L, Blenis J, Kahn CR:
Phosphatidylinositol 3-kinase activation is required for insulin stimulation
of pp70S6k kinase, DNA synthesis, and glucose transporter location. Mol
Cell Biol 14:4902– 4911, 1994
17. Chung J, Grammer TC, Lemon KP, Kazlauskas A, Blenis J: PDGF- and
insulin-dependent pp70S6k activation mediated by phosphatidylinositol3-OH kinase. Nature 370:71–75, 1994
18. Jefferies HBJ, Thomas G: Ribosomal protein S6 phosphorylation and signal
transduction. In Translational Control. Sonenberg N, Ed. Plainview, NY,
Cold Spring Harbor Laboratory, 1996, p. 389 – 409
19. Flaim KE, Copenhaver ME, Jefferson LS: Effects of diabetes on protein
synthesis in fast- and slow-twitch rat skeletal muscle. Am J Physiol
239:E88 –E95, 1980
20. Kimball SR, Jefferson LS, Fadden P, Haystead TAJ, Lawrence JC Jr: Insulin
and diabetes cause reciprocal changes in the association of eIF4E and
PHAS-I in skeletal muscle. Am J Physiol 270:C705–C709, 1996
21. Garlick PJ, Millward DJ, James WPT, Waterlow JC: The effect of protein
deprivation and starvation on the rate of protein synthesis in tissues of the
rat. Biochimica et Biophysica Acta 414:71– 84, 1975
22. Garlick PJ, McNurlan MA, Preedy VR: A rapid and conmvenient technique
for measuring the rate of protein synthesis in tissues by injection of [3H]
phenylalanine. Biochem J 192:719 –723, 1980
22a.MacLean DA, Spriet LL, Hultman EE, Graham TE: Plasma and muscle
amino acid and ammonia responses during prolonged exposure in humans. J Appl Physiol 70:2095–2103, 1991.
23. Schmidt G, Thannhauser SJ: A method for the determination of deoxyribonucleic acid, ribonucleic acid, and phosphoproteins in animal tissues.
J Biol Chem 161:83– 89, 1945
24. Fleck A, Munro HN: The precision of ultraviolet absorption measurements
in the Schmidt-Thannhauser procedure for nucleic acid estimation. Biochimica et Biophysica Acta 55:571–583, 1962
25. Gautsch TA, Kandl SM, Donovan SM, Layman DK: Growth hormone
promotes somatic and skeletal muscle growth in rats following chronic
protein-energy malnutrition. J Nutr 129:828 – 837, 1999
26. Kimball SR, Vary TC, Jefferson LS: Age-dependent decrease in the amount of
eukaryotic initiation factor 2 in various tissues. Biochem J 286:263–268, 1992
27. Davis TA, Fiorotto ML, Nguyen HV, Burrin DG: Aminoacyl-tRNA and tissue
free amino acid pools are equilibrated after a flooding dose of phenylalanine. Am J Physiol 277:E103–E109, 1999
28. Kimball SR, Shantz LM, Horetsky RL, Jefferson LS: Leucine regulates
translation of specific mRNAs in L6 myoblasts through mTOR-mediated
changes in availability of eIF4E and phosphorylation of ribosomal protein
S6. The J Biol Chem 274:11647–11652, 1999
29. Kimball SR, Jurasinski CV, Lawrence JC, Jefferson LS: Insulin simulates
protein synthesis in skeletal muscle by enhancing the association of eIF4E
and eIF4G. Am J Physiol 272:C754 –C759, 1997
30. Alessi DR, Andjelkovik M, Cauldwell B, Cron P, Morrice N, Cohen P,
Hemmings BA: Mechanism of activation of protein kinase B by insulin and
IGF-I. EMBO J 15:6541– 6551, 1996
31. Burnett PE, Barrow RK, Cohen NA, Snyder SH, Sabatini DM: Raft1
phosphorylation of the translational regulators p70 S6 kinase and 4E-BP1.
Proc Natl Acad Sci U S A 95:1432–1437, 1998
32. Nakano K, Hara H: Insulin dependent and independent actions of dietary
protein on in vitro protein synthesis in skeletal muscle of rats. J Nutr
109:1390 –1398, 1979
33. Buse MG, Weigand DA: Studies concerning the specificity of the effect of
leucine on the turnover of proteins in muscles of control and diabetic rats.
Biochimica et Biophysica Acta 475:81– 89, 1977
34. Pain VM, Garlick PJ: Effect of streptozotocin diabetes and insulin treatment on the rate of protein synthesis in tissues of the rat in vivo. J Biol
Chem 249:4510 – 4514, 1974
35. Giorgino F, Chen J-H, Smith RJ: Changes in tyrosine phosphorylation of
insulin receptors and a 170,000 molecular weight nonreceptor protein in
vivo in skeletal muscle of streptozotocin-induced diabetic rats: effects on
insulin and glucose. Endocrinology 130:1433–1444, 1992
36. Oku A, Nawano M, Ueta K, Fujita T, Umebayashi I, Arakawa K, KanoIshihara T, Saito A, Anai M, Funaki M, Kikuchi M, Oka Y, Asano T:
Inhibitory effect of hyperglycemia on insulin-induced Akt/protein kinase B
activation in skeletal muscle. Am J Physiol 280:E816 –E824, 2001
37. Saad MJA, Araki E, Miralpeix M, Rothenberg PL, White MF, Kahn CR:
935

LEUCINE ENHANCES MUSCLE PROTEIN SYNTHESIS IN DIABETIC RATS

Regulation of insulin receptor substrate-1 in liver and muscle of animal
models of insulin resistance. J Clin Invest 90:1839 –1849, 1992
38. Kim Y-B, Nikoulina SE, Ciaraldi TP, Henry RR, Kahn BB: Normal insulindependent activation of Akt/protein kinase B, with diminished activation
of phosphoinositide 3-kinase, in muscle in type 2 diabetes. JClinl Invest
104:733–741, 1999
39. Krook A, Roth RA, Jian XJ, Zierath JR, Wallberg-Henricksson H: Insulinstimulated Akt kinase activity is reduced in skeletal muscle from NIDDM
subjects. Diabetes 47:1281–1286, 1998
40. Nave BT, Ouwens DM, Withers DJ, Alessi DR, Shepherd PR: Mammalian

936

target of rapamycin is a direct target for proein kinase B: identification of
a convergence point for opposing effects of insulin and amino-acid
deficiency on protein translation. Biochem J 344:427– 431, 1999
41. Anthony JC, Yoshizawa F, Gautsch Anthony T, Vary TC, Jefferson LS,
Kimball SR: Leucine stimulates translation initiation in skeletal muscle of
post-absorptive rats via a rapamycin- sensitive pathway. J Nutr 130:2413–
2419, 2000
42. Grzelkowska K, Dardevet D, Balage M, Grizard J: Involvement of the
rapamycin-sensitive pathway in the insulin regulation of muscle protein
synthesis in streptozotocin-diabetic rats. J Endocrinol 160:137–145, 1999

DIABETES, VOL. 51, APRIL 2002

