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Abstract

Amino acids have been shown to stimulate protein synthe-
sis, inhibit proteolysis, and decrease whole-body and fore-
arm glucose disposal. Using cultured hepatoma and myo-
tube cells, we demonstrate that amino acids act as novel
signaling elements in insulin target tissues. Exposure of cells
to high physiologic concentrations of amino acids activates
intermediates important in the initiation of protein synthe-
sis, including p70 S6 kinase and PHAS-I, in synergy with
insulin. This stimulatory effect is largely due to branched
chain amino acids, particularly leucine, and can be repro-
duced by its transamination product, ketoisocaproic acid.
Concurrently, amino acids inhibit early steps in insulin ac-
tion critical for glucose transport and inhibition of gluco-
neogenesis, including decreased insulin-stimulated tyrosine
phosphorylation of IRS-1 and IRS-2, decreased binding of
grb 2 and the p85 subunit of phosphatidylinositol 3—kinase
to IRS-1 and IRS-2, and a marked inhibition of insulin-
stimulated phosphatidylinositol 3—kinase. Taken together,
these data support the hypothesis that amino acids act as
specific positive signals for maintenance of protein stores,
while inhibiting other actions of insulin at multiple levels.
This bidirectional modulation of insulin action indicates
crosstalk between hormonal and nutritional signals and
demonstrates a novel mechanism by which nutritional
factors contribute to insulin resistance. (J. Clin. Invest.
1998. 101:1519-1529.) Key words: insulin resistance « amino
acids « ribosomal protein S6 kinase « 1-phosphatidylinosi-
tol 3—kinase « phosphoproteins/metabolism

Introduction

Previous metabolic studies have demonstrated that the inges-
tion of proteins or infusion of mixed amino acids has signifi-
cant effects on both protein and glucose metabolism in normal
human subjects. At a systemic level, amino acids stimulate in-
sulin and glucagon secretion and increase endogenous glucose
production (hepatic gluconeogenesis; reference 1). Amino ac-
ids have also been shown to directly stimulate protein synthe-
sis, inhibit proteolysis, and enhance the sensitivity of protein
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synthesis to insulin (2-5). Branched chain amino acids, particu-
larly leucine, play a particularly important role in mediating
these protein anabolic and antiproteolytic effects of amino ac-
ids (6, 7).

In addition, amino acids, particularly the branched chain
amino acids, also influence carbohydrate metabolism by de-
creasing glucose use in skeletal muscle (8, 9). The infusion of
amino acids during a euglycemic hyperinsulinemic clamp in
normal fasted volunteers decreases both whole body glucose
oxidation and nonoxidative glucose disposal and forearm glu-
cose disposal by up to 65% (10-15). Increased amino acid
availability also decreases the sensitivity and magnitude of re-
sponsiveness to insulin action on hepatic glucose output (10).

In preliminary studies, we have demonstrated that the infu-
sion of a balanced mixture of amino acids into chronically
catheterized rats, under conditions in which euglycemia is
maintained and endogenous insulin and glucagon secretion is
inhibited, results in stimulation of p70 S6 kinase, a key inter-
mediate in initiation of protein synthesis, in parallel with stim-
ulation of protein synthesis and inhibition of proteolysis (16).
To evaluate potential cellular mechanisms for the effects of
amino acids to modulate insulin action on both protein and
carbohydrate metabolism in vivo, we have studied the activa-
tion of key insulin signal transduction pathway intermediates
by amino acids in isolated, cultured hepatoma cells and myo-
cytes. We found that amino acids directly stimulate intermedi-
ates important in the initiation of protein synthesis, including
p70 S6 kinase and PHAS-I phosphorylation, in synergy with
insulin, while inhibiting steps in insulin action critical for glu-
cose transport and inhibition of gluconeogenesis, such as insu-
lin-stimulated IRS phosphorylation and activation of phospho-
inositol 3-kinase (PI 3-kinase).! These data support the
hypothesis that amino acids can act as direct initiators of signal
transduction pathways, as well as modifiers of insulin action at
multiple levels.

Methods

Supplies and antibodies. Amino acid stocks were prepared using
RPMI 1640 SelectAmine from GIBCO BRL (Gaithersburg, MD).
Phosphoinositol was obtained from Avanti Polar Lipids (Alabaster,
AL). Electrophoresis supplies were from Bio-Rad Laboratories
(Hercules, CA). All other supplies were from Sigma Chemical Co.
(St. Louis, MO).

Antibodies used for immunoprecipitation and immunoblotting
included: antiphosphotyrosine 4G10, anti-IRS-1 COOH-terminal,
anti-p85-alpha (kindly provided by Dr. Morris White, Joslin Diabe-
tes Center, Boston, MA), polyclonal anti-PI 3—kinase (Upstate Bio-
technology, Inc., Lake Placid, NY), anti-p70 COOH terminus (AA
502-525, provided by Dr. Morris White), anti-ERK (provided by Dr.
Bentley Cheatham, Joslin Diabetes Center, Boston, MA), anti-JNK

1. Abbreviations used in this paper: MAP, mitogen-activated protein;
NIDDM, non-insulin-dependent diabetes mellitus; PI 3-kinase,
phosphoinositol 3-kinase.
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(provided by Dr. John Kyriakis, Massachusetts General Hospital,
Boston, MA), and anti-PHAS-I antibodies (provided by Dr. John
Lawrence, Washington University School of Medicine, St. Louis, MO).

Cell culture and stimulation. FAO hepatocytes are grown to 80—
90% confluence in RPMI 1640 with 10% FBS, fasted 12-18 h in se-
rum-free medium with 0.5% insulin-free BSA, and subjected to
amino acid deprivation for 1 h. The culture medium was replaced
with the amino acid—free medium with or without 100 nM insulin or
an isosmolar mixture of amino acids (measured osmolarity 300-310
mOsm/kg). For all experiments, cells that were subjected to amino
acid deprivation alone (for 1 h plus the duration of the corresponding
treatment period, usually 30 min) are labeled as basal. Unstimulated
p70 S6 kinase activity in cells subjected to overnight fast and 1 h of
amino acid deprivation did not differ significantly from that of cells
subjected to an overnight serum deprivation alone. The concentra-
tion of each amino acid used for cell stimulation is expressed as the
multiple of its concentration in the portal vein of a fasted rat (17).
The concentration of amino acids in a 1X mixture is as follows: ala-
nine, 400 uM; arginine, 100 wM; asparagine, 60 uM; aspartate, 30 uM;
cysteine, 60 wM; glutamic acid, 100 pM; glutamine, 350 wM; glycine,
300 wM; histidine, 60 wM; isoleucine, 100 wM; leucine, 250 pM;
lysine, 300 wM; methionine, 40 wM; phenylalanine, 50 pM; proline,
100 puM; serine, 200 wM; threonine, 180 wM; tryptophan, 70 uM; ty-
rosine, 75 wM; and valine, 180 pM.

At the end of the stimulation period (5-120 min), cells were
washed twice with STE (150 mM NaCl, 50 mM Tris, 1 mM EDTA,
pH 7.2) and lysed in extraction buffer (10 mM KPO,/1 mM EDTA,
5mM EGTA, 10 mM MgCl,, 50 mM B-glycerophosphate, 2 mM van-
adate, 0.5% NP-40, 0.1% Brij, 10 pg/ml leupeptin, 10 pg/ml aprotinin,
1 mM benzamidine, and 2 mM PMSF, pH 7.2). Cell lysates were clar-
ified by centrifugation at 10,000 g for 15 min. In some studies, cells
were pretreated with the inhibitors wortmannin (1-100 nM), rapamy-
cin (0.25-25 ng/ml), or PD 98059 (50 uM) for 10 min before stimula-
tion with insulin and/or amino acids.

Additional experiments were performed in hep G2 hepatocytes
and L6 myotubes.

p70 S6 kinase assays. Supernatants containing 300 wg of protein
were immunoprecipitated with a polyclonal antibody raised against
the COOH terminus of p70 S6 kinase (AA 502-525). Immune com-
plexes were collected with protein A-Sepharose and washed. In vitro
S6 kinase assays were performed as described (18) using 5 pg of
GST-S6 fusion protein as substrate. Reaction products were sepa-
rated by 10% SDS-PAGE; gels were stained with Coomassie to verify
equality of sample loading and dried. Incorporation of *P into GST-S6
peptide was quantitated with a PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA).

For gel shift assays, aliquots of cell lysate supernatants (25 pg
protein) were solubilized in Laemmli sample buffer, separated by
10% SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with anti-p70 antibodies. Bands were visualized by ECL.

PHAS-I phosphorylation assays. 25 pg of solubilized cell lysates
were separated by 12% SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with an anti-PHAS-I antibody (kindly provided
by Dr. John Lawrence). Bands were visualized with ECL.

PI 3—kinase assays. Cell lysate supernatants containing 300 g of
protein were immunoprecipitated with the monoclonal antibody an-
tiphosphotyrosine 4G10 or anti—p85-a antibodies; immune complexes
were collected with protein A—-Sepharose and washed extensively as
described previously (19). In vitro kinase assays were performed us-
ing phosphoinositol as an in vitro substrate. 2P incorporation into PI
3-phosphate was quantified using a PhosphorImager.

For determination of total cellular phospholipids, quiescent cells
were labeled with P for 2 h before addition of insulin and/or amino
acids. At the end of the stimulation period, lipids were extracted in
acidified CHCl;, deacylated, and subjected to HPLC analysis with la-
beled standards.

ERK and JNK assays. Supernatants containing 300 pg of protein
were immunoprecipitated with anti-ERK antibody or anti-JNK anti-
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body and washed extensively. In vitro kinase assays were performed,
using myelin basic protein or GST-cJun 1-135 as substrates, respec-
tively (20). P incorporation into substrate was quantified using a
PhosphorImager.

Western blotting. Immunoprecipitates or cell lysates were solubi-
lized in Laemmli sample buffer, separated by SDS-PAGE, and trans-
ferred to nitrocellulose. Immunoblotting was performed as described
previously (19). Electrophoretic mobility shift assays using anti-p70
S6 kinase antibodies or anti-PHAS-I antibodies were visualized by
ECL, while all other immunoblots were visualized by '»I-protein A
and quantitated by PhosphorImager.

Mitogenesis assay. Fao cells at 80-90% confluence in triplicate
wells were fasted for 24 h in RPMI 1640 with 0.1% BSA and 25 mM
Hepes, pH 7.4. Cells were then stimulated with serum, insulin, amino
acids, or insulin plus amino acids for a total of 18 h, with one change
of medium. [*H]thymidine was added for a 1-h incubation period in a
37°C water bath. Cells were washed with PBS three times and solubi-
lized with 0.1% SDS; proteins were precipitated with TCA, collected
on glass fiber filters, and counted. Data are expressed as percentage
of serum-stimulated values.

Statistical analysis. Results are indicated as mean=SEM for all
data. Paired Student’s ¢ tests were used for analysis of differences be-
tween cell stimuli. P values < 0.05 are considered significant.

Results

Amino acids activate p70 S6 kinase in vitro. p70 S6 kinase is a
serine/threonine kinase activated in response to insulin and
other growth factors and responsible for phosphorylation of ri-
bosomal protein S6 in vivo (21). Our data from in vivo studies
in chronically catheterized rats have demonstrated that amino
acid infusion stimulates the activation of p70 S6 kinase, in par-
allel with stimulation of protein synthesis and inhibition of
proteolysis (16). To explore these findings in the absence of
complicating systemic hormonal changes, well-differentiated
cultured hepatoma cells (Fao) were stimulated with a mixture
of amino acids equal to four times the concentration found in
the portal vein of a fasted rat (designated as 4X amino acids),
and the effect on p70 S6 kinase activity and phosphorylation
was assessed. As seen in Fig. 1 A, amino acids stimulated the
activation of p70 S6 kinase by twofold (P < 0.001) over basal,
as determined in an immune complex kinase assay using a
GST-S6 peptide as substrate. The magnitude of stimulation by
amino acids was comparable to that induced by insulin (2.2-
fold, P < 0.001), while the addition of amino acids to insulin
resulted in an additive effect (3.5-fold above basal, P < 0.001).
The activation of p70 S6 kinase is accompanied by an increase
in serine phosphorylation that results in a more retarded mo-
bility of the enzyme on SDS-PAGE. Both amino acids and in-
sulin induced a similar retardation in mobility of p70 S6 kinase
in SDS-PAGE, which was maximal at 30 min (Fig. 1 B).
Amino acids also stimulated the phosphorylation of both cyto-
plasmic (p70) and nuclear (p85) S6 kinase isoforms in hep G2
cells and stimulated the activity of p70 S6 kinase in L6 myo-
tubes 1.9-fold (P = 0.03 versus basal, data not shown). These
effects were time dependent, peaking at 30 min (data not
shown), and concentration dependent (Fig. 1 C). p70 S6 kinase
activity increased progressively as fasted cells were treated
with increasing concentrations of equimolar amino acid mix-
tures ranging from 0.5 to 4X (14% increase for 1X, P < 0.001,
69% increase for 2X, P = 0.001).

Amino acid stimulation of p70 S6 kinase is rapamycin- and
wortmannin-dependent. The phosphorylation-dependent ac-
tivation of p70 S6 kinase by insulin and other growth factors
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Figure 1. Amino acids stimulate p70 S6 kinase activity. Fao hepato-
cytes were cultured as described, fasted 12-18 h, and subjected to

amino acid deprivation for 1 h. The culture medium was replaced

with the amino acid—free medium with or without 100 nM insulin or

an isosmolar mixture of amino acids, as described in Methods. After

the stimulation period, cells were lysed; supernatants were processed
for immune complex kinase assays or gel mobility shift assays. (A)

Quantitative results of p70 immune complex kinase assays in Fao cells
stimulated with 100 nM insulin, the complete amino acid mixture (4X),
or both. Data are summarized from 13 independent experiments and
are expressed as fold stimulation above basal (amino acid deprivation
alone; mean+SEM) following a 30 min stimulation period. *P < 0.001
versus basal. The inset shows representative gel from p70 S6 kinase im-
mune complex assay demonstrating incorporation of P into GST-S6

peptide substrate in lysates from cells treated with amino acids and/or insulin for 30 min. (B) Representative p70 S6 kinase gel mobility shift as-
say: 25 pg of cell lysates were separated by 10% SDS-PAGE and immunoblotted with anti-p70 S6 kinase antibody with ECL visualization. Indi-
cated below individual lanes are stimulus and duration (min) of stimulation period. (C) Concentration dependence of amino acid effect on p70
S6 kinase activity. Cells were stimulated with equimolar amino acid mixtures ranging in concentration from 0.5 to 4X. *P = 0.001 versus basal.
Data are from three independent experiments for dose-response analysis.

can be inhibited by the macrolide rapamycin, via its interaction
with its cytosolic receptor FKBP12 and inhibition of mTor
(22). The activation of p70 S6 kinase is also inhibited by wort-
mannin and LY294004, two unrelated inhibitors of the enzyme
PI 3-kinase, suggesting that p70 S6 kinase lies downstream of
PI 3—kinase (23), mTor, or another kinase sharing a related
catalytic domain (24). To determine if rapamycin- and wort-
mannin-dependent pathways were involved in the activation
of p70 S6 kinase by amino acids, cells were pretreated with ra-
pamycin or wortmannin for 10 min before stimulation with in-
sulin and/or amino acids. As seen in Fig. 2, rapamycin inhib-
ited the ability of both insulin and amino acids to stimulate p70
activation, as determined both by immune complex kinase as-
says (Fig. 2 A) and the gel mobility shift assay (Fig. 2 B). This
effect was dose dependent, and could be observed with con-
centrations as low as 0.25 ng/ml of rapamycin. Wortmannin
also abolished the activation of p70 S6 kinase activity by amino
acids, with a magnitude comparable to its effect on insulin-
stimulated kinase activation (Fig. 2, A). This inhibition by
wortmannin was dose dependent, with maximal inhibition at

concentrations of 10-50 nM (Fig. 2 C). This is similar to the
concentration dependence for wortmannin inhibition of PI
3-kinase but lower than the concentrations required for maxi-
mal inhibition of mTor autokinase activity (24). Taken to-
gether, these data indicate that both rapamycin- and wortman-
nin-sensitive pathways are required for the stimulation of p70
S6 kinase by amino acids; this pattern suggests a requirement
for both mTor and other wortmannin-sensitive kinases, includ-
ing PI 3—kinase.

Amino acids do not activate Akt/protein kinase B. Akt,
which is also known as protein kinase B or Rac, is a serine/
threonine kinase localized downstream of PI 3—kinase which
may play a role in the activation of p70 S6 kinase by insulin
and other growth factors (25, 26). To assess the role of this
pathway, we used the gel mobility shift assay, since this corre-
lates with direct measurements of enzyme activity (26). In Fao
cells, insulin induced a gel mobility shift, indicating activation
of this enzyme (Fig. 3). By contrast, however, amino acids
alone had no effect on Akt phosphorylation, nor did they mod-
ify the insulin effect. We conclude, therefore, that the effect of
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Figure 2. The stimulation of p70 S6 kinase activity by both amino ac-
ids and insulin involves rapamycin- and wortmannin-dependent path-
ways. (A) Quantitative results from p70 immune complex kinase as-
says in Fao cells stimulated for 30 min with the complete amino acid
mixture, 100 nM insulin, or both after 10 min of pretreatment with ve-
hicle (Basal), rapamycin (25 ng/ml), or wortmannin (50 nM). Data
are expressed as fold stimulation above basal and are representative
of two independent experiments. (B) Representative gel mobility
shift assay demonstrating dose-dependent inhibitory effect of rapa-
mycin on stimulation of p70 S6 kinase phosphorylation by amino
acids. (C) Representative gel mobility shift assay demonstrating dose-
dependent inhibitory effect of wortmannin on p70 S6 kinase phos-
phorylation.

amino acids on p70 S6 kinase is mediated by an Akt-indepen-
dent pathway.

Amino acids stimulate the phosphorylation of PHAS-L
The phosphorylation of PHAS-I (4E-BP-1) in response to
growth factors, including insulin, results in its dissociation from
the eIF-4E complex, allowing the efficient initiation of transla-
tion, particularly of mRNA containing polypyrimidine tracts
(27). In Fao cells, three dominant phosphorylated forms of
PHAS-I (o, B, and ) were detected in the basal state (Fig. 4
A). Both amino acids and insulin stimulated a shift in mobility
to the more highly phosphorylated g and -y forms, with a maxi-
mum effect of amino acids occurring at 30 min. As with the p70
S6 kinase phosphorylation, the addition of amino acids to insu-
lin produced an additive effect on PHAS-I phosphorylation
such that almost all of the enzyme was in the y-hyperphos-
phorylated state.

The phosphorylation of PHAS-I by insulin has been shown
to be rapamycin- and wortmannin-sensitive but mitogen-acti-
vated protein (MAP) kinase independent (24, 28). To deter-
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Figure 3. Amino acids do not stimulate phosphorylation of Akt. 50
g lysates of Fao cells stimulated with insulin and/or amino acids for
30 min were separated by SDS-PAGE, immunoblotted with anti-Akt
antibody, and visualized by ECL. The gel retardation of Akt induced
by insulin, but not by amino acids, is indicated by the arrows. Blots
are representative of two independent experiments.

mine if these same regulatory patterns applied to the stimula-
tion of PHAS-I by amino acids, cells were pretreated with
rapamycin, wortmannin, or the MEK inhibitor PD98059. Ra-
pamycin blocked the activation of PHAS-I phosphorylation by
both amino acids and insulin. (Fig. 4 A). Similarly, wortmannin
inhibited PHAS-I phosphorylation (data not shown). In con-
trast, pretreatment of cells with PD98059 had no effect on the
stimulation of PHAS-I phosphorylation by either amino acids
or insulin (Fig. 4 B). Taken together, these data suggest a re-
quirement for mTor and wortmannin-sensitive kinases, but not
MEK-dependent pathways, in the stimulation of both PHAS-I
and p70 S6 kinase by amino acids.

Amino acids do not stimulate the activation of MAP or c-Jun
kinases. The ERK family of MAP kinases has been impli-
cated in regulation of gene expression, while c-Jun/stress-acti-
vated protein (JNK/SAP) kinases are involved in cellular re-
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Figure 4. Amino acids and insulin stimulate phosphorylation of
PHAS-I. (A) Lysates of Fao cells stimulated with insulin and/or
amino acids for 30 min were separated by SDS-PAGE, immunoblot-
ted with anti-PHAS-I antibody, and visualized by ECL. Both insulin
and amino acids induce a shift from the less phosphorylated « to the
more heavily phosphorylated 8 and -y isoforms. Pretreatment of cells
with rapamycin (25 ng/ml) for 10 min before stimulation with insulin
and/or amino acids inhibited the mobility shift. (B) Pretreatment of
cells with the MEK inhibitor PD 98059 (50 uM) for 10 min before
stimulation did not inhibit the mobility shift induced by either insulin
and/or amino acids. Blots are representative of two independent ex-
periments.
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were stimulated with the complete 4 X mixture of amino acids, 100 nM
insulin, or both for the indicated time (min). Cell lysates were im-
munoprecipitated with anti-ERK (A) or anti-JNK (B) antibodies;
activity was assessed in an immune complex kinase assay using mye-
lin basic protein or GST-c-Jun peptide as substrate, respectively.
Data are expressed as arbitrary PhosphorImager units. For compari-
son, the activation of JNK by cycloheximide yielded an activity level
of 68 PhosphorImager units (data not shown). *P < 0.05 versus basal
(time 0).

sponses to osmotic and other cellular stresses (20). To assess
the potential role for activation of these two pathways in medi-
ating the effect of amino acids, immune complex kinase assays
were performed in anti-ERK or anti-JNK immunoprecipitates.
As seen in Fig. 5 A, insulin is a potent stimulus for rapid ERK
activation. In contrast, amino acids do not stimulate the activ-
ity of ERK 1 or 2. Similarly, amino acids did not stimulate the
activation of c-Jun kinase, in contrast to the twofold stimula-
tion by insulin at 15 min (P = 0.01, Fig. 5 B) and the marked
stimulation by cycloheximide (27-fold, data not shown).
Rather, amino acids inhibited activation of c-Jun kinase by
65% at 30 min and inhibit the modest insulin effect. Thus,
amino acids do not activate protein kinase cascades globally
nor are their effects mediated by activation of a common cellu-
lar or osmotic stress pathway.

Branched chain amino acids are largely responsible for the
stimulatory effect of amino acids on p70 S6 kinase activation.
Branched chain amino acids play a dominant role in mediating
stimulation of protein synthesis and inhibition of proteolysis
(6, 17, 29, 30). To evaluate the role of different groups of
amino acids and different amino acid transport systems in the
stimulation of p70 S6 kinase activity, cells were stimulated with
the complete mixture of amino acids (Fig. 6 A) or mixtures of

amino acids of equal total molarity. These included groups of
amino acids that use the ASC, A, or L transport systems, the
branched chain amino acids, or a mixture (leucine, tyrosine,
and phenylalanine) previously found to stimulate S6 phosphor-
ylation in hepatocytes (17). The stimulatory effect of the com-
plete amino acid mixture could be largely reproduced by a
mixture of amino acids containing either the branched chain
amino acids (leucine, isoleucine, and valine) or a mixture of
leucine, phenylalanine, and tyrosine (Fig. 6 B) but not by the
ASC, A, or L groups. Of the stimulatory amino acids, leucine
was dominant in mediating the activation of p70 S6 kinase
(Fig. 6 C), even in concentrations as low as 250 uM. Despite
the dominant effect of leucine, there was a permissive effect of
all other amino acids, as indicated by the additive effect of a
1X mixture of all other amino acids (Fig. 6 D). In addition, ke-
toisocaproic acid, the product of leucine transamination, was
similarly effective in stimulating p70 S6 kinase activity (Fig. 6 D).

Amino acids inhibit early events in insulin signaling. Pre-
vious metabolic studies have demonstrated that amino acids
inhibit the action of insulin to stimulate glucose transport in
vivo (10-15). Given the critical role of PI 3—kinase in mediat-
ing insulin-stimulated glucose transport (23, 31), inhibition of
gluconeogenesis and expression of phosphoenolpyruvate car-
boxykinase (32), and glycogen synthesis (33), we evaluated the
effect of amino acids on this enzyme pathway. As seen in Fig.
7 A, insulin is a potent stimulus for PI 3-kinase activation in
both antiphosphotyrosine and anti-p85-« immunocomplexes.
By contrast, amino acids, at concentrations that maximally
stimulate p70 S6 kinase, did not stimulate PI 3-kinase. To ex-
plore the possibility that 3-phosphorylated lipid products were
generated by amino acid stimulation but not detected using
the immune complex kinase assay, total cellular lipids were ex-
tracted from *?P-labeled Fao cells, deacylated, and separated
via HPLC analysis. Again, these assays revealed no increase in
3-,3,4-, or 3,4,5-phospholipids after amino acid stimulation.

Not only did amino acids fail to stimulate PI 3-kinase,
amino acids actually inhibited insulin-stimulated PI 3-kinase
activity. In antiphosphotyrosine precipitates, insulin-stimu-
lated PI 3—kinase activation was reduced by 76% (P < 0.05).
In anti-p85 precipitates, insulin-stimulated PI 3—kinase activa-
tion was reduced by 53% (Fig. 7 A). Since PI 3-kinase activa-
tion is required for insulin-stimulated glucose transport in in-
sulin-sensitive tissues (34, 35), we also evaluated the effect of
amino acids on PI 3—kinase activity in L6 myotubes. Amino ac-
ids inhibited insulin-stimulated phosphotyrosine-associated PI
3—kinase by 68% (P < 0.001, Fig. 7 B).

The activation of the catalytic domain of PI 3-kinase by in-
sulin requires the interaction of the SH2 domains of the p85
regulatory subunit of PI 3-kinase with phosphotyrosine resi-
dues on cytoplasmic insulin receptor substrate proteins such as
IRS-1, IRS-2, and Gab-1. Therefore, we examined changes in
tyrosine phosphorylation of cellular proteins after stimulation
with amino acids. As seen in antiphosphotyrosine immuno-
blots (Fig. 8 A), insulin stimulated the tyrosine phosphoryla-
tion of the B-subunit of the insulin receptors, IRS-1 and IRS-2,
which appear as bands of MW 95, 180, and 185 kD. By con-
trast, amino acids did not alter tyrosine phosphorylation of
proteins ranging from 50-200 kD. Likewise, amino acids had
no effect on tyrosine phosphorylation of proteins with a molec-
ular mass of 15-50 kD (data not shown). However, the addi-
tion of amino acids to insulin did result in a modest inhibition
of insulin-stimulated tyrosine phosphorylation of high molecu-
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lar weight insulin receptor substrates (Fig. 8 B). Quantitation
of multiple experiments by scanning densitometry revealed
that the decrease averaged 44% (Fig. 8 C). When IRS-1 was
specifically analyzed by immunoprecipitation, amino acids de-
creased insulin-stimulated tyrosine phosphorylation by 48%
(P <0.01; Fig. 9, A and B [B, left panel]). This resulted in a de-
crease in the association of IRS-1 with both the p85 regulatory
subunit of PI 3-kinase by 38% (P = 0.01; Fig. 9 B, center
panel) and the adapter protein Grb2 by 76% (Fig. 9 B, right
panel). The tyrosine phosphorylation of IRS-2 and its associa-
tion with p85 and Grb2 was also reduced when amino acids
were added to insulin (data not shown). This reduction in
phosphorylation of insulin receptor substrates involves postre-
ceptor mechanisms, as no reproducible change in insulin re-
ceptor phosphorylation was observed (Fig. 8 B).

Amino acids inhibit insulin-stimulated mitogenesis. Since
amino acids inhibit early events in insulin signaling, including
activation of PI 3-kinase, an enzyme implicated in control of
mitogenesis (36), we evaluated the effects of amino acids on
insulin-stimulated thymidine incorporation in Fao cells. As
seen in Fig. 10, insulin produced a modest increase in mitogen-
esis over the 18-h stimulation period (47% increase for 100 nM
insulin, P < 0.05). Amino acids alone had no effect on basal
mitogenesis, but potently inhibited the effect of insulin (65%
decrease in thymidine incorporation as compared with insulin
alone, P < 0.001).

versus basal. *P < 0.01 versus insulin alone. (B) L6 myotubes were
stimulated with insulin and/or amino acids for 30 min; PI 3—kinase as-
says were performed as for Fao cells. *P < 0.001 versus basal; *P <
0.001 versus insulin-stimulated cells. Data are the mean of duplicate
assays in two independent experiments.
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Figure 8. Amino acids do not stimulate tyrosine phosphorylation of
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Discussion

A prominent feature of non-insulin-dependent diabetes melli-
tus (NIDDM) is insulin resistance in skeletal muscle, adipose
tissue, and liver. At a cellular level, studies of insulin action in
insulin-resistant animals and humans have demonstrated a va-
riety of defects in insulin action, including decreased insulin re-
ceptor phosphorylation, decreased insulin receptor substrate
phosphorylation, and decreased activation of glycogen syn-
thase. However, specific genetic defects which could account
for the observed insulin resistance in the majority of patients
with NIDDM have not been identified thus far, suggesting that
acquired alterations in insulin action play a critical role in the
pathogenesis and maintenance of insulin resistance.

The availability of substrates for cellular energy production
is important in the regulation of a variety of cellular and meta-
bolic processes, and, in particular, in determining a given cell
or tissue’s response to hormonal stimulation. This has been
demonstrated clearly in the case of insulin action. For exam-
ple, the infusion of fatty acids has been shown to decrease in-
sulin-stimulated glucose transport, primarily by inhibiting glu-
cose oxidation, and, to a lesser extent, by inhibiting glycogen
synthesis and stimulating gluconeogenesis (Randle hypothe-
sis; reference 37). Sustained hyperglycemia, as is seen with
NIDDM, can reduce insulin receptor kinase activity, possibly

sulin and/or amino acids for 30 min. The position of the insulin
receptor and high molecular weight IRS proteins (IRS-1 and -2) is in-
dicated by the arrows. (C) Quantitation of inhibition of insulin-stimu-
lated insulin receptor substrate phosphorylation by amino acids. Data
are expressed as phosphorylation relative to insulin-stimulated cells
(assigned value of one) and are derived from four independent exper-
iments.
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Figure 9. Amino acids decrease in-
sulin-stimulated tyrosine phosphor-
ylation of IRS-1 and its association
with the p85 subunit of PI 3—kinase
and Grb2. (A) Representative an-
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Figure 10. Amino acids inhibit insulin-stimulated mitogenesis. After
a 24-h fast, Fao cells were treated for 18 h with 10% FBS, insulin
alone, amino acids alone, or insulin plus amino acids and [*H]thymi-
dine incorporation was measured. Data are normalized for protein
content and expressed relative to serum-stimulated cells (assigned
value of one). Data are the mean of two independent experiments,
each performed in triplicate. *P < 0.01; *P < 0.001 for amino acids
plus insulin as compared with insulin alone.

by activating protein kinase C and increasing serine phosphor-
ylation of the insulin receptor or its primary cytoplasmic sub-
strate IRS-1, and decrease GLUT4 expression, thereby con-
tributing to insulin resistance (glucotoxicity; reference 38). An
additional level of complexity in substrate regulation of insulin
action was identified by Marshall et al. (39), who found that
amino acids enhanced glucose-induced desensitization of insu-
lin-stimulated glucose transport in adipocytes. Further experi-
ments demonstrated that glutamine was responsible for this ef-
fect of amino acids, via its entry into the hexosamine pathway.
Glucosamine, a compound also known to enter the hex-
osamine pathway, also induces insulin resistance (40).

Numerous metabolic studies have provided another exam-
ple of the specific modulation of insulin action by amino acids.
These include stimulatory effects on protein synthesis and in-
hibitory effects on proteolysis and insulin-stimulated glucose
metabolism (2, 6, 7, 10-15, 41-44). These data demonstrate
novel cellular mechanisms for these physiologic findings. Thus,
amino acids enhance the effect of insulin to stimulate two key
intermediates in the initiation of protein translation, p70 S6
kinase and PHAS-I, while inhibiting the effect of insulin on
tyrosine phosphorylation of insulin receptor substrates and ac-
tivation of PI 3-kinase, important upstream elements in path-
ways leading to insulin-stimulated glucose metabolism.

p70 S6 kinase and PHAS-I have been identified as impor-
tant elements in the signal transduction pathways responsible
for the regulation of protein synthesis and proteolysis (22). p70
S6 kinase phosphorylation of ribosomal protein S6 correlates
with increases in translation, and ribosomes containing phos-
phorylated S6 are more likely to be found in polyribosomes
engaged in translation (22). S6 phosphorylation also correlates
with inhibition of autophagic proteolysis, suggesting that these
processes are controlled by the same signal transduction path-
way (17). PHAS-I (also known as 4E-BP1) is a phospho-
protein involved in regulation of the elF-4E initiation factor
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complex. In the basal state, PHAS-I inhibits initiation of trans-
lation. The phosphorylation of PHAS-I in response to insulin
or other growth factors permits dissociation of the complex, in-
creased binding of eIF-4G to eIF-4E, and efficient initiation of
translation (27, 45). The reduction in PHAS-I phosphorylation
in insulin-deficient diabetic rats is likely to contribute signifi-
cantly to the observed reduction in protein synthesis in diabe-
tes (46).

Both p70 S6 kinase activation and PHAS-I phosphoryla-
tion are inhibited by rapamycin, placing them downstream of
another potential regulatory element, mTor (also known as
FRAP and RAFT1I; references 47 and 48). The exact roles of
these rapamycin-dependent pathways in protein metabolism
remain unclear. Microinjection of anti-p70 S6 kinase antibod-
ies into fibroblasts inhibits serum-stimulated protein synthesis
by ~ 90% (49). Inhibition of p70 S6 kinase by rapamycin in-
hibits S6 phosphorylation in vivo and has been shown to stimu-
late proteolysis and partially relieve the inhibitory effect of
amino acids on proteolysis (17). Concurrent with its inhibition
of p70 S6 kinase, rapamycin decreases recruitment of 80S ribo-
somes into actively translating polysomes; however, rapamy-
cin’s inhibition of global protein synthesis varies from 10-70%,
depending on the cell type (17, 50-52). Rapamycin’s effect on
protein synthesis is also largely selective for inhibition of trans-
lation of mRNA containing 5" polypyrimidine tracts. This in-
cludes mRNAs whose translation is regulated at the initiation
phase, such as several elongation factors, ribosomal proteins,
and growth-regulated proteins (22, 51, 53).

Our finding that amino acids stimulate phosphorylation
and activation of both p70 S6 kinase and PHAS-I in a rapamy-
cin-dependent manner in cultured cells correlates well with
physiologic data demonstrating a significant effect of amino
acids on protein synthesis in vivo (16). While increased avail-
ability of amino acids might be expected to increase protein
synthesis solely by means of increased substrate, several lines
of evidence suggest an alternative mechanism. Firstly, amino
acid stimulation of protein synthesis in isolated hepatocytes is
mediated via modulation of translation initiation at the level of
formation of the 40S initiation complex (6); our data demon-
strate a potential cellular mechanism for these effects. Sec-
ondly, we observe that branched chain amino acids play the
dominant role in mediating activation of p70 S6 kinase and
PHAS-I. These data are also consistent with physiologic data
that have highlighted a distinct role for branched chain amino
acids in the inhibition of proteolysis and stimulation of protein
synthesis (6, 7). Our findings are also in agreement with Blom-
mart et al. (17) who found that a mixture of leucine, tyrosine,
and phenylalanine (three of the regulatory amino acids that in-
hibit proteolysis as well as a complete amino acid mixture)
stimulated S6 phosphorylation and inhibited proteolysis in
freshly isolated hepatocytes. The specificity of amino acid
stimulation of these processes suggest that the effect of amino
acids in vivo and in vitro is unlikely to be mediated solely by
increased availability of amino acid substrates for protein syn-
thesis or increased cellular levels of ATP resulting from amino
acid metabolism.

The role of PI 3—kinase in protein metabolism is also com-
plex. Wortmannin inhibits the stimulation of general protein
synthesis by insulin, as well as the activation of Akt, p70 S6 ki-
nase, and PHAS-I by growth factors or insulin, indicating that
all of these are at least partially dependent upon activation of
PI 3—kinase or a related kinase (28, 53). Our observation that



wortmannin also inhibits amino acid-induced stimulation of
p70 S6 kinase is of interest, since amino acids do not stimulate
phosphotyrosine- or p85-associated PI 3—kinase, but rather in-
hibit both the basal and insulin-stimulated PI 3—kinase activity.
In addition, we were unable to detect any 3-phosphorylated
phosphoinositol products by HPLC after amino acid stimula-
tion in 3?P-labeled cells, indicating that the PI 3-lipid kinase is
not involved. Thus, the effect of wortmannin on amino acid
stimulation of p70 S6 kinase and PHAS-I phosphorylation
may reflect the effect of this agent to inhibit amino acid trans-
port into the cells (54), mTor kinase activity (24), or another
protein or phosphoinositol kinase (55).

The finding that ketoisocaproic acid, the product of intra-
cellular transamination of leucine, can also stimulate p70 S6 ki-
nase supports the hypothesis that intracellular metabolism of
amino acids is required for the effect on S6 kinase. However,
transamination of leucine in the liver is limited, and our data
do not exclude the possibility that the effects of branched
chain amino acids are mediated at the cell surface, perhaps via
a specific membrane receptor which may also recognize
branched chain ketoacids. Mortimore et al. (30) have demon-
strated that isovaleryl-L-carnitine and other leucine analogues
mimic leucine’s regulatory effects on proteolysis, and that
Leu8-MAP, an octaleucine derivative that is nontransportable,
inhibits autophagic proteolysis with a K, equal to that of leu-
cine, suggesting the presence of a leucine receptor on the cell
surface. A photoreactive Leu§8-MAP analogue also binds spe-
cifically to a membrane protein in isolated rat hepatocytes
(56); however, further characterization of this potential bind-
ing site has not been completed. Additional studies will be re-
quired to clarify the requirement for transport, transamina-
tion, decarboxylation, and subsequent metabolism of specific
amino acids in mediating the observed effects of amino acids
on p70 S6 kinase and PHAS-I activation in specific tissue and
cell types.

Thus, our data suggest that amino acids, particularly
branched chain amino acids or their metabolites, may be exert-
ing their effects on signal transduction at specific sites and
implicate a novel mechanism by which amino acids or their
metabolites can interface with hormone-dependent signal
transduction pathways important for protein metabolism.
Phosphotyrosine immunoblots of amino acid-stimulated cells
demonstrate no independent effect of amino acids on tyrosine
phosphorylation and suggest that the effects of amino acids are
likely to be mediated by serine/threonine kinases upstream of
p70 S6 kinase and PHAS-I. Future studies will be directed at
elucidating the specific kinase(s) responsible for these effects
of amino acids.

The effects of amino acids to modulate insulin action on
glucose transport and gluconeogenesis have been well docu-
mented in metabolic studies (10-15, 43, 44). High protein diets
are also associated with glucose intolerance (57-59). In one
study, increasing levels of protein in the diet resulted in in-
creased fasting glucose concentrations and increased basal
rates of hepatic glucose production, while glucose use during a
hyperinsulinemic-euglycemic clamp was reduced by 20% in
rats fed a high protein diet compared with the low protein diet
(57). In addition, hepatic glucose production was only partially
suppressed by insulin in the high-protein diet groups. Taken
together, these data indicate that amino acids downregulate in-
sulin action on glucose metabolism in vivo. Our data indicate a
potential cellular mechanism for these observations, namely

that amino acids inhibit critical early steps in postreceptor in-
sulin action, including tyrosine phosphorylation of insulin re-
ceptor substrates IRS-1 and IRS-2 and binding of SH2 do-
main-containing proteins such as the regulatory subunit of PI
3—kinase, and decreased PI 3—kinase activity. These effects are
clearly demonstrated in cell culture models from two impor-
tant insulin target tissues. The inhibition of insulin-stimulated
PI 3—kinase in Fao hepatoma cells and L6 myotubes are of po-
tential physiologic importance, given the prominent role of PI
3—kinase-dependent pathways in regulation of hepatic gluco-
neogenesis (32) and glycogen synthesis (33) and in insulin-
stimulated glucose transport in muscle (23, 31).

It is interesting that the inhibitory effects of amino acids
also extend to insulin-stimulated thymidine incorporation,
demonstrating that amino acids also affect downstream events
in insulin signaling critical for cell growth. The lack of effect of
amino acids on basal (insulin-independent) mitogenesis also
parallels closely the data for phosphorylation and PI 3—kinase
activation and supports a role for amino acids to directly mod-
ulate insulin signaling to various PI 3-kinase-dependent path-
ways.

Whether these inhibitory effects of amino acids result from
activation of serine/threonine kinases that phosphorylate insu-
lin receptor substrates and diminish their suitability as sub-
strates for the insulin receptor, as has been shown with TNF-
a—induced insulin resistance (60), or are due to activation of
protein tyrosine phosphatases, is unclear. The observation that
the magnitude of inhibition of insulin-stimulated PI 3—kinase
exceeds that of tyrosine phosphorylation of IRS-1 and IRS-2
may be related to an additional direct effect of amino acids on
PI 3-kinase enzymatic activity (i.e., recruitment of an inhibitor
to the enzyme complex). Finally, amino acids and/or products
of their metabolism may result in the activation of other path-
ways which interface with the insulin signaling cascade. For ex-
ample, recent data have demonstrated the importance of
crosstalk between insulin and G protein—coupled signaling
pathways, including angiotensin II (61). Transgenic mice with
reduced levels of the inhibitory G protein G,,, also develop in-
sulin resistance with decreased IRS-1 phosphorylation and in-
creased protein tyrosine phosphatase activity (62).

Taken together, our data provide evidence for a bidirec-
tional modulation of insulin action by amino acids on signaling
to both protein and glucose metabolism. Importantly, these
data from cultured cell models of two insulin-sensitive tissues
provide clues as to the mechanisms which underlie the ob-
served physiologic role for amino acids in maintenance of pro-
tein mass and inhibition of insulin’s effects on glucose trans-
port and gluconeogenesis. Elucidation of this interface or
crosstalk between nutritional/metabolic signals and classical
hormonal signal transduction cascades will likely yield new in-
formation regarding both insulin action and metabolic/bio-
chemical pathways and may suggest mechanisms for dietary
and/or pharmacologic manipulations that might improve insu-
lin action in NIDDM and other states of insulin resistance.
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