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I

nsulin is a major regulator of muscle mass, as clearly
demonstrated by reversal of emaciation in patients
with type 1 diabetes after insulin replacement (1).
The mechanism of this anticatabolic effect of insulin
remains to be clearly defined. In vitro (2) and in vivo
experiments in growing rodents (3) demonstrated that
insulin stimulates muscle protein synthesis. In contrast,
whole-body studies in humans demonstrated that insulin
deprivation in patients with type 1 diabetes results in an
increase of both protein breakdown and synthesis, and
that a greater increment in protein breakdown than synthesis results in net protein loss (4 –7). Recent studies
using arteriovenous tracer balance techniques across
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splanchnic and muscle tissue beds further demonstrated
that insulin regulates protein turnover in a tissue-specific
manner (8,9). These organ balance studies demonstrated
that while insulin decreased protein breakdown in all
tissues, it inhibited splanchnic protein synthesis, without
similar effect on muscle protein synthesis, This specificity
also extends to individual liver proteins as it was shown
that insulin deprivation inhibited albumin synthesis but
stimulated synthesis of fibrinogen, another exported hepatic protein (10).
Almost all human studies, with one exception (11), have
reported that insulin infusion given either systemically
(8,12,13) or regionally (14) does not stimulate muscle
protein synthesis. Supraphysiological insulin administration, however, has been shown to stimulate muscle protein
synthesis based on an arteriovenous model (15). There are
no well-validated explanations for the differences among
human, rodent, and in vitro studies. All of the previous
human and animal studies have measured the synthesis
rate of total (mixed) muscle proteins, which is a weighted
average of all individual muscle proteins. Synthetic rates
vary among the individual proteins in skeletal muscle
(16,17), but it is unknown whether rates of synthesis of
subcellular protein fractions, i.e., mitochondria or sarcoplasmic proteins, are also related to the metabolic activity
of the different organs, such as the liver, the heart, or the
muscle. It is also unclear whether insulin action differs
among the mitochondrial and sarcoplasmic proteins
within the tissues and between the different tissues. The
specific action of insulin on mitochondrial and sarcoplasmic protein synthesis rate in the skeletal muscle, heart,
and liver in vivo has not been previously investigated.
Mitochondria are major functional components in all of
these tissues, because they are the intracellular sites for
fuel oxidation and ATP production. Insulin-mediated
changes in the activity or synthesis rates of mitochondrial
proteins may affect tissue function in accordance with the
nutritional state (fasting, feeding). Therefore, the present
study was performed to determine in vivo the effect of
insulin on the fractional synthesis rate (FSR) of mitochondrial proteins and sarcoplasmic proteins in the liver, the
heart, and together with the FSR of myosin heavy chain
(MHC) in the muscle. The specific effect of amino acids in
conjunction with insulin was also assessed in these tissues
to consider the possible confounding effect of hypoaminoacidemia during insulin administration.
RESEARCH DESIGN AND METHODS
Animals. Twenty-four mature male Hanford miniature swine that weighed
35.0 ⫾ 2.9 kg (mean ⫾ SD) were obtained from Charles River Lab (Wilmington, MA). The study protocol was approved by the Institutional Animal Care
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In vivo studies have reported conflicting effects of
insulin on mixed tissue protein synthesis rates. To test
the hypothesis that insulin has differential effects on
synthesis rates of various protein fractions in different
organs, we infused miniature swine (n ⴝ 8 per group)
with saline, insulin alone (at 0.7 mU/kgⴚ1 䡠 minⴚ1), or
insulin plus an amino acid mixture for 8 h. Fractional
synthesis rate (FSR) of mitochondrial and cytoplasmic
proteins in liver, heart, and skeletal muscle, as well as
myosin heavy chain (MHC) in muscle, were measured
using L-[1-13C]leucine as a tracer. The FSR of mitochondrial and cytoplasmic proteins were highest in liver,
followed by heart and then muscle. Mitochondrial FSR
in muscle was higher during insulin and insulin plus
amino acid infusions than during saline. Insulin had no
significant effect on FSR of MHC in muscle. In contrast,
FSR of both mitochondrial and cytoplasmic proteins
were not stimulated by insulin in liver. Insulin also did
not increase FSR of mitochondrial in heart, whereas
insulin and amino acid stimulated FSR of cytoplasmic
protein. In conclusion, insulin stimulates the synthesis
of muscle mitochondrial proteins, with no significant
stimulatory effect on synthesis of sarcoplasmic and
MHC. These results demonstrate that insulin has different effects on synthesis rates of specific protein fractions in the liver, heart, and skeletal muscle. Diabetes
50:2652–2658, 2001
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to-charge (m/z) fragment ions for leucine and KIC were monitored. Carbon
dioxide enrichment from the carboxyl group of leucine in tissue proteins was
measured using an on-line gas chromatography/combustion isotope-ratio
mass spectrometer (Delta S; Finnigan MAT, Bremen, Germany) as previously
described (21).
Plasma amino acid concentrations were measured by a high-performance
liquid chromatography system as previously described (22). Plasma insulin
was measured by chemiluminescent sandwich assay (Sanofi Diagnostics,
Chaska, MN). Plasma glucose concentrations were measured enzymatically
with an autoanalyzer (Beckman Instruments).
Calculations. FSR of specific proteins (MHC, sarcoplasmic, and mitochondrial proteins) in the three tissues (muscle, heart, and liver) were calculated
by measuring the time-related changes in protein-bound 13C-leucine enrichments, divided by the enrichment in the precursor pool, i.e., 13C-KIC or
13
C-Leu in plasma, and 13C-leucine in tissue fluid in all tissues, and [13C]leucyl
tRNA in case of liver (19,23,24).
Statistical analysis. All data are presented as the means ⫾ SE. Analysis of
variance (ANOVA) was used to calculate the differences among treatment
groups for each of the three tissues. When ANOVA was statistically significant,
an unpaired t test was applied to locate pairwise differences between groups.
A rank difference test was used to compare the relative treatment effects on
mitochondrial versus sarcoplasmic protein synthesis rate in muscle. In this
procedure, mitochondrial and sarcoplasmic protein synthesis values in the S
and INS or S and INS⫹AA groups were independently ranked, and then the
difference between the mitochondrial and sarcoplasmic rank for each animal
was obtained. An unpaired t test was used to compare the mean rank value of
S versus INS or INS⫹AA. The same procedure was used to compare the
relative treatment effects on mitochondrial versus MHC synthesis rate in
muscle. The threshold for significant differences was set at ␣ ⫽ 0.05.

RESULTS

Plasma glucose and insulin concentrations. Plasma
glucose was maintained at baseline level within the normal
range in all groups throughout the study (86.6 ⫾ 5.1 vs.
90.8 ⫾ 3.4 vs. 91.4 ⫾ 5.5 mg/dl, S versus INS versus
INS⫹AA groups, respectively; NS). Plasma insulin concentration was not different in the INS and INS⫹AA groups
but was significantly higher than in the S group (1.78 ⫾
0.28 vs. 36.47 ⫾ 2.43 vs. 40.32 ⫾ 2.39 U/ml, S versus INS
versus INS⫹AA, respectively; P ⬍ 0.01 versus S).
Plasma amino acid concentration. The concentration of
plasma total amino acids decreased during insulin infusion
in the INS group in comparison with the S group (3,541 ⫾
384 vs. 4,316 ⫾ 476 mol/l, INS versus S, respectively; P ⬍
0.05) and for branched-chain amino acids (BCAA; 625 ⫾ 77
vs. 967 ⫾ 130 mol/l, INS versus S, respectively; P ⬍ 0.05).
The infusion of amino acid solution in the INS⫹AA group
induced an elevation of BCAA and total amino acid levels
above the other two groups (2,035 ⫾ 104 and 7,375 ⫾ 713
mol/l for BCAA and total amino acids, respectively; P ⬍
0.01 versus S and INS).
Leucine enrichments in plasma, tissue fluids, and
tissue proteins. The average plasma [13C]KIC enrichments from 4 to 8 h, in mole % excess, were 3.68 ⫾ 0.09 (S),
3.97 ⫾ 0.21 (INS), and 2.65 ⫾ 0.06 (INS⫹AA). Plasma
leucine enrichment from 4.8 h was 5.05 ⫾ 0.20 (S), 5.68 ⫾
0.40 (INS), and 3.22 ⫾ 0.12 (INS⫹AA). Plasma KIC and
leucine enrichments in the INS⫹AA group were significantly lower (P ⬍ 0.001) than in both of the other two
groups. [13C]leucine enrichment in tissue fluid in the
INS⫹AA group was significantly lower (P ⬍ 0.05) than in
the S group in liver and muscle and lower than in the INS
group alone in liver and heart (Table 1). Enrichment of
Leu-tRNA in liver was 3.53 ⫾ 0.25 (S), 3.86 ⫾ 0.21 (INS),
and 2.73 ⫾ 0.17 (INS⫹AA). Liver tRNA enrichment in the
INS⫹AA group was significantly lower (P ⬍ 0.025) than in
both of the other two groups. Isotopic enrichment of leucine in mitochondrial proteins was lower in the INS⫹AA
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and Use Committee before starting. The care and handling of the animals were
in accordance with the National Institutes of Health guidelines for the use of
experimental animals.
Materials. L-[1-13C]leucine (99 MPE) was purchased from Cambridge Isotope
Laboratories (Woburn, MA). Isotopic and chemical purity of leucine were
checked by gas chromatography mass spectrometry. Solutions of tracers were
tested for sterility and pyrogenicity before use and were prepared in sterile
apyrogenic water. Purified pork insulin (Regular Iletin II; Eli Lilly, Indianapolis, IN) was used for the hyperinsulinemic-euglycemic clamps. Blood glucose
was maintained at baseline level with a constant adaptation of glucose
delivery by 20% dextrose (Baxter Healthcare, Deerfield, IL). A crystalline
amino acid solution of 10% Travasol was obtained from Baxter Healthcare.
Experimental design. All 24 animals were randomized to three study groups
of 8 each. Studies were performed after 2 days of acclimatization to the
laboratory environment. The animals were kept on a 12:12 h light:dark cycle
and received identical standard diet (Lean Grow 93; O’Lakes, Fort Dodge, IA).
On the morning of the experimental day, after a 12-h fast with ad libitum
access to water, the animals were administered an intramuscular ketamine
injection (12.5 mg/kg body wt, Ketaset; Fort Dodge Laboratories, Fort Dodge,
IA) and xylazine injection (2 mg/kg body wt, Rompur; Miles, Shawnee Mission,
KS) as a tranquilizer and as an anesthesia. Anesthesia was then maintained by
continuous inhalation of Isoflurane (Abbott Laboratories, Chicago, IL), delivered by a mouth-mask in oxygen at 5 l/min. A Harvard Respirator (Apparatus
Dual Phase Control; Harvard Apparatus, South Natick, MA) was used for
mechanical ventilation throughout the study and was adjusted to achieve a
normal carbon dioxide tension. Continuous electrocardiograph monitoring
was performed. A heating blanket maintained body temperature. Polyethylene
catheters were inserted into the femoral vein for tracers, insulin, glucose, and
amino acid infusions and into the femoral or carotid artery for blood
samplings.
Protocol design was identical for all animals except that they were divided
in three distinct groups receiving saline, insulin and glucose, or insulin and
glucose and amino acids. A prime (1 mg/kg body wt) and continuous infusion
of L-[1-13C]leucine (1 mg 䡠 kg body wt⫺1 䡠 h⫺1) was administered via the
femoral vein. Eight animals were studied during a euglycemic-hyperinsulinemic clamp (INS group) by infusing purified pork insulin at a rate of 0.7 mU 䡠
kg body wt⫺1 䡠 min⫺1. Variable doses of 20% dextrose were infused to maintain
the baseline blood glucose level. The infusion rate of dextrose was adjusted
based on blood glucose checked every 15 min with a Beckman Glucose
Analyzer (Beckman Instruments, Fullerton, CA). A second group of eight
animals was given insulin at an identical infusion rate (0.7 mU 䡠 kg body wt⫺1
䡠 min⫺1) with 20% dextrose, but an infusion of amino acid mixture (10%
Travasol) was added at a rate of 2 ml 䡠 kg body wt⫺1 䡠 h⫺1 (INS⫹AA group).
A control group of eight animals received saline (S group) alone at a rate of
5–10 ml 䡠 kg⫺1 䡠 h⫺1 to match the other two groups. Arterial blood samples
were collected before and during the tracer infusions for analysis of leucine
isotopic enrichment, amino acid concentrations, and plasma insulin levels at
baseline (T0) and at time points 4, 5, 6, 7, and 8 h. Through a skin incision
performed in the midthigh, a muscle biopsy was taken at 8 h and myocardium
pieces were also taken at 8 h before tracer interruption. Liver samples were
taken through an open abdominal incision at 4 and 8 h. All tissue samples were
immediately frozen in a liquid nitrogen bath and stored at ⫺80°C until further
analysis. At the completion of the study, animals were killed by an intravenous
lethal dose of sodium pentobarbital (Sleepaway, Fort Dodge Laboratories).
Analysis. A 100- to 150-mg piece of each tissue was used for the isolation of
mitochondrial, sarcoplasmic proteins, and, in muscle only, MHC (16,18), as
previously described (17). The purity of the MHC fractions was checked by
analytic SDS-PAGE on a 5% gel followed by silver staining. All tissue proteins
were hydrolyzed (6 mol/l HCl for 24 h at 110°C), and the constituent amino
acids in the hydrolysate were purified by cation exchange chromatography
(Dowex 50W 8X; Bio-Rad Laboratories, Hercules, CA). Amino acids were
eluted in 4 ml of 4 mol/l NH4OH. Leucine in the protein hydrolysates was
evaporated to dryness, methylated in a mixture of methanol/HCl for 60 min at
85°C, and acylated in acetone-trimethylamine-acetic anhydride for 45 min at
85°C. The product was then dissolved in ethyl acetate in a new vial before
injection in the mass spectrometer. Muscle tissue fluid was collected as
previously described from a small muscle sample (19,20). tRNA in liver tissue
was isolated as previously described (19,20), and amino acids were hydrolyzed from tRNA.
Mass spectrometry. Isotopic enrichment of plasma [13C]ketoisocaproate
(KIC) and [13C]leucine in both tissue fluid amino acyl tRNA and tissue proteins
was determined as previously described (19). Isotopic enrichment of plasma
[13C]KIC was measured with a gas chromatograph–mass spectrometer (GCMS) as the quinoxalinol-trimethylsilyl derivative. Leucine in plasma and leucyl
tRNA was derived as its N-heptafluorobutyryl methyl ester for tissue fluid
analysis, and isotopic enrichment was measured by GC-MS. Selective mass-
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TABLE 1
[13C]leucine enrichments in tissue fluid and bound in mitochondrial and sarcoplasmic proteins in each tissue

Tissue

Mitochondrial
protein (atom
% excess)

Sarcoplasmic
protein (atom
% excess)

4.95 ⫾ 0.37
5.27 ⫾ 0.36
3.91 ⫾ 0.26*†

0.132 ⫾ 0.010
0.102 ⫾ 0.014
0.070 ⫾ 0.007*

0.079 ⫾ 0.015
0.091 ⫾ 0.011
0.054 ⫾ 0.008†

3.98 ⫾ 0.28
4.50 ⫾ 0.24*
2.88 ⫾ 0.04†

0.081 ⫾ 0.004
0.094 ⫾ 0.003*
0.068 ⫾ 0.003*†

0.085 ⫾ 0.005
0.105 ⫾ 0.004*
0.079 ⫾ 0.004†

2.96 ⫾ 0.17
2.63 ⫾ 0.23
2.22 ⫾ 0.10*

0.020 ⫾ 0.003
0.036 ⫾ 0.005*
0.025 ⫾ 0.003

0.011 ⫾ 0.002
0.017 ⫾ 0.004
0.010 ⫾ 0.002

Data are means ⫾ SE. Significant differences (P ⬍ 0.05) versus
control (*) and insuline (†) groups. INS⫹AA, insulin in conjunction
with amino acids.

group than in the S group in the liver and heart but was
higher in the INS group than in the S group in the muscle
and the heart. In the sarcoplasmic proteins, leucine enrichment was lower in the INS⫹AA than in the INS group in
the heart and the liver. The enrichments in MHC protein in
skeletal muscle, in atom % excess, were 0.0111 ⫾ 0.0016
(S), 0.0150 ⫾ 0.0036 (INS), and 0.0115 ⫾ 0.0026 (INS⫹AA),
with no significant differences among groups.
FSR of muscle-, heart-, and liver-specific proteins. We
calculated FSR in all tissues using plasma [13C]KIC,
plasma [13C]leucine, and [13C]leucine tissue fluid enrichment as precursor pools, and in liver, Leu-tRNA was also
used. Our previous studies clearly demonstrated that
tissue fluid enrichment best represents amino acyl tRNA
enrichment in different tissues (19,20). In nearly all tissue
fractions, the effects of the treatments on FSR were
similar, regardless of which precursor was used.
Basal synthesis rates of specific proteins in muscle,
heart, and liver. FSR of mitochondrial and sarcoplasmic
proteins in the three tissues of the saline group calculated
using [13C]leucine tissue fluid enrichment as precursor are
shown in Fig. 1. Mitochondrial FSR was higher in liver
than in heart and higher in heart than in muscle (all
comparisons, P ⬍ 0.001). The sarcoplasmic protein FSR

FIG. 1. FSR of mitochondrial (A) and sarcoplasmic/cytoplasmic (B)
proteins in liver, heart, and skeletal muscle in control animals (saline),
estimated using tissue fluid [13C]leucine enrichment as precursor pool.
*Less than liver (P < 0.01); †less than heart (P < 0.01).
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FIG. 2. Skeletal muscle mitochondrial protein FSR. Synthesis rates
were calculated using the three precursor pool enrichments shown. P
values reflect comparisons (t test) between S and either Ins or
InsⴙAA. There were no significant differences between Ins and
InsⴙAA (P > 0.19).

followed the same pattern because it was (in % / h) 0.723 ⫾
0.089 in liver, 0.266 ⫾ 0.011 in heart, and 0.0372 ⫾ 0.0065
in muscle using tissue fluid [13C]leucine as precursor (all
comparisons, P ⬍ 0.001). Similar differences between
tissues were observed with plasma [13C]KIC or [13C]leucine
as precursor.
Response of synthesis rates of specific proteins to
insulin in liver, heart, and muscle. In comparison with
the saline group (0.0906 ⫾ 0.0170%/h), muscle mitochondrial FSR was 86% higher in INS and 60% higher in
INS⫹AA when using [13C]leucine enrichment in tissue
fluid as precursor pool. Similar differences were observed
using either plasma [13C]KIC or [13C]leucine as the precursor pool (Fig. 2). However, the FSR of both muscle
sarcoplasmic proteins and MHC were not different among
the three groups irrespective of the precursor pool used
(Figs. 3 and 4). When the effects of the INS or INS⫹AA
treatments on mitochondrial FSR were compared to treatment effects on sarcoplasmic or MHC FSR, using the rank
difference test, there was no significant difference.
Heart mitochondrial and sarcoplasmic protein FSRs
were not affected by insulin infusion alone (Figs. 5 and 6),
but sarcoplasmic protein FSR, based on [13C]leucine in
tissue fluid, was significantly higher than S and INS when
INS⫹AA was infused. Similar trends were evident when
the other precursors were used to calculate FSR of heart
proteins. In contrast to the stimulatory effects observed in
muscle and heart, liver mitochondrial protein FSR tended
to be lower in the INS and INS⫹AA groups versus S group
using the various precursors, reaching statistical significance in most cases (Fig. 7). However, synthesis rates of

FIG. 3. Skeletal muscle sarcoplasmic protein FSR. Synthesis rates were
calculated using the three precursor pool enrichments shown. P values
reflect comparisons (t test) between S and either Ins or InsⴙAA. There
were no significant differences between Ins and InsⴙAA (P > 0.29).
DIABETES, VOL. 50, DECEMBER 2001
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FIG. 4. Skeletal muscle MHC protein FSR. Synthesis rates were
calculated using the three precursor pool enrichments shown. P values
reflect comparisons (t test) between S and either Ins or InsⴙAA. There
were no significant differences between Ins and InsⴙAA (P > 0.42).

DISCUSSION

The current study demonstrated for the first time that
insulin stimulates muscle mitochondrial protein synthesis,
with no significant effect on synthesis rate of sarcoplasmic
proteins and MHC. This effect of insulin is independent of
circulating amino acids because infusing an amino acid
mixture along with insulin had no additional stimulatory
effect on mitochondrial protein synthesis. The effect of
insulin was also found to be tissue-specific because insulin
did not increase the synthesis rate of mitochondrial protein in heart and liver. The tissue-specific effects of insulin
on protein synthesis are further demonstrated by the
increased sarcoplasmic protein synthesis in heart by insulin plus amino acids.
The results from the current study could potentially
resolve some of the controversies in the literature on in
vivo effects of insulin on muscle protein synthesis
(3,11,14,25–29). All of these previous studies are based on
total (mixed) muscle protein synthesis, representing an
average of several individual muscle proteins. The demonstration of differential effects of insulin on individual
muscle protein fractions indicates that the measurement
of an average synthesis rate of these different fractions
may not be sufficiently sensitive to detect an insulin effect.
It is likely that when mitochondrial content is high in a
muscle, the changes related to mitochondrial protein
synthesis are reflected in mixed muscle protein synthesis
of that muscle. In young (9- to 10-week-old) mice, the
mixed protein synthesis rate of the highly oxidative soleus
muscle is 2–3 times higher than glycolytic muscles such as

FIG. 5. Heart mitochondrial protein FSR. Synthesis rates were calculated using the three precursor pool enrichments shown. P values
reflect comparisons (t test) among groups.
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the plantaris or gastrocnemius (30). This increased mixed
muscle protein synthesis in soleus is likely to reflect the
higher mitochondrial content in this highly oxidative muscle. Of note, it has been reported that insulin has a
stimulatory effect on mixed muscle protein synthesis in
growing animals, whereas such stimulatory effect is attenuated by maturation and aging (29,31). The relatively
lower mitochondrial content of aging muscle (32) and the
decrease in mitochondrial protein synthesis that occurs
with aging (16) render support to the above explanation
for the discrepancy between studies performed in young
and older animals. Lack of demonstrable effect of insulin
on mixed muscle protein synthesis in humans is based on
studies performed in mature adults (8,11–14). The differences between these human studies and studies in growing animals must therefore be cautiously interpreted, and
the discrepancies could be resolved by studies based on
measurements of synthesis rates of individual muscle
proteins. The current study was performed in sexually
mature miniature pigs and is comparable to young human
adults.
Because insulin is the predominant postprandial hormone and muscle is the major site of postprandial substrate disposal (33), it is not surprising that mitochondria,
the cellular organelle responsible for oxidative energy
metabolism, is affected by insulin. Previous studies have
demonstrated that insulin has profound effects on energy
metabolism (34). For enhanced mitochondrial functions,
especially for oxidative phosphorylation, it is crucial that
all mitochondrial protein complexes be present in sufficient quantity. It has been reported that increased availability of mitochondrial proteins in mitochondria is closely
associated with enhanced mitochondrial respiration (35,
36). By stimulating mitochondrial protein synthesis, insulin may increase mitochondrial protein content and could
thus enhance mitochondrial respiration.
The current study demonstrated an important regulatory role for insulin in determining muscle mitochondrial
function. Several in vitro and animal studies have demonstrated that insulin stimulates various steps in protein
synthesis process (37,38). Insulin’s action at the posttranscriptional level especially in phosphorylating the elongation factors (eIF2, eIFB, eIF3, and eIF4) and phosphorylated
heat- and acid-stable insulin-stimulated protein (eukaryotic initiation factor binding protein) (38,39) have been well
characterized. The previous studies, however, were not
designed to determine whether insulin’s stimulatory effect
is global to all muscle proteins or specific to certain
2655
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liver cytoplasmic proteins were not significantly different
among the treatment groups (Fig. 8).

FIG. 6. Heart sarcoplasmic protein FSR. Synthesis rates were calculated using the three precursor pool enrichments shown. P values
reflect comparisons (t test) among groups.

INSULIN EFFECT ON MITOCHONDRIAL PROTEIN SYNTHESIS

proteins. The current study clearly demonstrated that
insulin does not stimulate the synthesis of all muscle
proteins equally. The stimulatory effect of insulin on
mitochondrial protein synthesis is consistent with the
recent observation that insulin upregulates the expression
of some mitochondrial genes in skeletal muscle (40).
The absence of a significant effect of insulin on muscle
MHC synthesis rate is compatible with the previous observation that synthesis rate of MHC was not affected by
insulin withdrawal in patients with type 1 diabetes (41). It
is also possible that the relatively slower increase in
isotope enrichment in MHC, a slow–turning-over muscle
protein, makes the measurement of the increment of the
isotope in muscle less precise than that of mitochondrial
protein. The absence of any stimulatory action of insulin
on MHC also does not exclude the effect of insulin on
specific isoforms of MHC because MHC isolation does not
differentiate between the various myosin isoforms. This is
particularly important because insulin action in muscle
has been reported to be influenced by muscle fiber type
(42), and a recent study demonstrated that insulin infusion
stimulated myosin isoform type 2X expression after 3 h of
exposure to insulin (43). In addition, there is a growing

body of evidence that muscle fiber composition is modified in the skeletal muscle of patients with type 2 diabetes
(44). It is possible that insulin may have stimulated the
synthesis rate of specific myosin isoforms while inhibiting
synthesis of others, resulting in no net change.
It is intriguing that the effects of insulin on protein
synthesis are highly tissue-specific. Mitochondrial protein
synthesis in liver tends to be inhibited by insulin. These
results are consistent with the previous interorgan studies
demonstrating insulin’s inhibitory effect on splanchnic
protein synthesis (8,9). Studies performed in patients with
diabetes suggest that these changes in protein synthesis do
not occur in the gut (45) and thus occur in the liver.
Studies in rodents also suggest that insulin deprivation or
insulin administration has no effect on liver protein synthesis (3,46,47). However, the lack of insulin effect on liver
protein synthesis is not universally supported in animal
studies, especially when these studies focus on the specific action of insulin on albumin synthesis rate (10). These
experiments suggest that insulin’s effect on fixed liver
tissue proteins and secreted plasma proteins may not be
the same. It is clear, however, that liver, with substantially
higher mitochondrial content and mitochondrial protein

FIG. 8. Liver cytoplasmic protein FSR. Synthesis rates were calculated using the four available precursor pool enrichments shown. P values reflect
comparisons (t test) between S and either Ins or InsⴙAA. There were no significant differences between Ins and InsⴙAA (P > 0.26).
2656
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FIG. 7. Liver mitochondrial protein FSR. Synthesis rates were calculated using the four available precursor pool enrichments shown. P values
reflect comparisons (t test) between S and either Ins or InsⴙAA. There were no significant differences between Ins and InsⴙAA (P > 0.23).
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amino acids (specifically BCAA) stimulate myocardial mixed
muscle protein synthesis in vitro (60,61). The current study
demonstrated that when circulating amino acid levels
were increased, myocardial sarcoplasmic protein synthesis increased, suggesting that the previous observation of
increased myocardial protein synthesis by BCAA (61) is
related to the sarcoplasmic protein pool. The functional
implications of this finding remain to be determined.
In conclusion, insulin is a major regulatory hormone for
mitochondrial protein synthesis in skeletal muscle, the
major site of postprandial fuel metabolism. The effect of
insulin, however, is highly tissue-specific, as demonstrated
by the lack of stimulation of mitochondrial protein synthesis by insulin in liver and heart. This tissue-specific action
of insulin has important implications in understanding the
role of insulin in the regulation of substrate metabolism
and the potential relationship between altered mitochondrial functions and the pathogenesis of type 2 diabetes.
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synthesis than muscle (Fig. 1), responded differently to
insulin than the muscle. During insulin infusion, the flux of
substrates such as nonesterified fatty acids and amino
acids decreases, thus reducing the overall liver substrate
metabolism (48). However, replacement of amino acids
alone failed to reverse the inhibitory effect of insulin on
liver mitochondrial protein synthesis. Other potential factors that affect liver energetics include a suppression of
gluconeogenesis in liver by insulin (48). At the postreceptor level, the insulin signaling pathway has been demonstrated to differ between the muscle and the liver. The
potential differences in intracellular signaling events
caused by insulin receptor substrates 1 and 2 in muscle
and liver, respectively, may underlie the tissue-specific
changes in protein synthesis seen in these two organs (49).
Another intriguing finding of the current study is that
amino acids do not have any stimulatory effect on synthesis rates of mitochondrial proteins or cytoplasmic proteins
in liver and any of the protein fractions in skeletal muscle.
Amino acids, especially BCAA, have been shown to inhibit
liver protein breakdown (50,51), thus achieving net protein
anabolism in liver. A high-protein diet does not increase
liver tissue size, thus arguing against simultaneous increase in liver protein synthesis and inhibition of liver
protein breakdown, which would result in net protein
accretion in liver tissue. It is more likely that liver protein
balance is constantly maintained after a meal and between
meals. The amino acids necessary for liver protein synthesis between meals is provided by breakdown of protein in
peripheral tissues, especially in skeletal muscle (9). It is
not clear whether this inhibitory effect of amino acids on
protein breakdown is universal to all proteins in liver or
specific to any particular proteins. The current study and
our previous report (52) demonstrated that amino acids do
not stimulate liver protein synthesis. Orally administered
leucine has been shown to stimulate mixed muscle protein
synthesis in skeletal muscle by enhancing eIF4F formation
independent of insulin (53). It has also been shown that
amino acid imbalance (e.g., high levels of glutamine,
tyrosine, and leucine) inhibits protein synthesis by modulating translation initiation factors (54). It is possible that
the composition of amino acids in commercially available
mixtures results in an imbalance of amino acids profile in
the circulation, which by itself may prevent protein synthesis. All available evidence (53–58) indicates that the
effect of amino acids on protein synthesis is complex and
depends on the type of amino acid mixture administered.
In addition, the duration of administration of amino acids
may be a factor that determines the effect of amino acids
on protein synthesis. Most of the previous studies demonstrating stimulation of mixed muscle protein synthesis by
amino acids were conducted after acute elevation of
amino acids (53,54,59), whereas in the current study,
amino acids were continuously infused for 8 h. All of this
indicates that the effect of amino acids on synthesis rates
of various fractions of proteins in various tissues requires
detailed future investigations.
The specificity of insulin’s effect on different organs is
further demonstrated by the lack of insulin effect on
mitochondrial protein synthesis in the heart. However,
insulin plus amino acids stimulated sarcoplasmic protein
synthesis in the heart. Previous studies demonstrated that
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