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Wasting of lean tissue as a consequence of metabolic acidosis is a serious problem in patients with chronic renal failure. A
possible contributor is inhibition by low pH of the System A (SNAT2) transporter, which carries the amino acid L-glutamine
(L-Gln) into muscle cells. The aim of this study was to determine the effect of selective SNAT2 inhibition on intracellular
amino acid profiles and amino acid– dependent signaling through mammalian target of rapamycin in L6 skeletal muscle cells.
Inhibition of SNAT2 with the selective competitive substrate methylaminoisobutyrate, metabolic acidosis (pH 7.1), or
silencing SNAT2 expression with small interfering RNA all depleted intracellular L-Gln. SNAT2 inhibition also indirectly
depleted other amino acids whose intracellular concentrations are maintained by the L-Gln gradient across the plasma
membrane, notably the anabolic amino acid L-leucine. Consequently, SNAT2 inhibition strongly impaired signaling through
mammalian target of rapamycin to ribosomal protein S6 kinase, ribosomal protein S6, and 4E-BP1, leading to impairment of
protein synthesis comparable with that induced by rapamycin. It is concluded that even though SNAT2 is only one of several
L-Gln transporters in muscle, it may determine intracellular anabolic amino acid levels, regulating the amino acid signaling
that affects protein mass, nucleotide/nucleic acid metabolism, and cell growth.
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C

achexia, the wasting of soft tissue, particularly skeletal
muscle, is a frequent occurrence in patients with ESRD
and is particularly severe in patients with diabetic
nephropathy (1). It is a serious clinical problem because of its
strong association with morbidity and mortality. An important
cause is uremic metabolic acidosis (2), and there is good evidence that correction of acidosis decreases both weight loss and
morbidity (3,4). Depletion of intramuscular free amino acids is
thought to be an important early step in muscle wasting in
uremia (5), and depletion is reversed if acidosis is corrected (6).
Intracellular amino acid depletion is sensed through mammalian target of rapamycin (mTOR), a well-documented mechanism through which amino acids stimulate protein synthesis
(7). Impaired protein synthesis is an early consequence of metabolic acidosis in humans (8) and is partly compensated for by
harvesting of amino acids at the expense of protein degradation
(9,10), but precisely how acidosis leads to the initial amino acid
depletion is poorly understood.
Availability of the free amino acid l-glutamine (l-Gln) limits
protein synthesis (11), protein degradation (12), and nucleotide

and nucleic acid biosynthesis (13) in some cell types. Consequently, l-Gln has been proposed as a key factor in growth and
maintenance of mammalian tissues (14), and l-Gln availability
and losses from muscle may be important contributors to wasting illness and clinical outcome in seriously ill patients (15). A
crucial factor is active transport of l-Gln across the plasma
membrane (15), maintaining an intracellular concentration at
least 20 times higher than the 0.5 to 1 mM found in extracellular
fluid (16). In muscle the molecular identity of the transporter(s)
involved has been obscure, but studies in cultured L6 skeletal
muscle cells (17,18) have implicated System A neutral amino
acid transporters of the SNAT/slc38 transporter family, in particular SNAT2 (19). SNAT2 is also a possible mediator of the
effects of acidosis because it is strongly inhibited at low pH (20).
This study investigated the SNAT2 transporter in L6 muscle
cells as a potential target through which catabolic stimuli trigger protein wasting. We demonstrate, for the first time, that
inhibition of SNAT2 alone is sufficient to deplete intracellular
l-Gln and other anabolic amino acids, that metabolic acidosis
gives similar depletion, and that SNAT2 is consequently a
potential regulator of amino acid– dependent signaling to
mTOR and hence to protein synthesis.
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Materials and Methods
Cell Culture
L6-G8C5 rat myoblasts were grown to confluence in DMEM with 10%
vol/vol FBS and fused to form myotubes by culturing in Minimum
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Figure 1. Effect of 2 h of extracellular l-glutamine (l-Gln) starvation, pH variation, or inhibition of SNAT2 transporters with 10
mM methylaminoisobutyrate (MeAIB) on intracellular concentrations of l-Gln (A) and l-leucine (l-Leu; B) in L6-G8C5 myotubes.
(Data for other amino acids are presented in Table 1.) All media
contained 2 mM l-Gln and 0.4 mM l-Leu unless otherwise stated.
*P ⬍ 0.05 versus control medium (Cont). Results from one experiment representative of four independent experiments are shown
(n ⫽ 5 replicate culture wells for each treatment). (C) Effect of
extracellular pH on SNAT2 transporter activity after 7 h of exposure to experimental media at the specified pH. Transport was
then immediately assessed from the rate of uptake of 14C-MeAIB
in HEPES-buffered saline at the same pH as the experimental
media (18). Results from one experiment representative of three
independent experiments are shown (n ⫽ 3 replicate culture wells
for each treatment). **P ⬍ 0.05 versus the corresponding medium
at pH 7.4. (D) Schematic diagram of coupling between SNAT2 and
System L amino acid transporters. Larger lettering for a given
solute denotes higher concentration. l-Gln influx into the cytosol
through SNAT2 (coupled to the electrochemical gradient of Na⫹
across the plasma membrane) drives accumulation of a high concentration of l-Gln and other SNAT2 substrates in the cytosol.
Subsequent efflux of this accumulated l-Gln on plasma membrane amino acid exchangers such as System L then drives secondary accumulation in the cell of other amino acids, such as
l-Leu, which are poor substrates for SNAT2.

Essential Medium with 2% (vol/vol) FBS as described previously (18). For
experiments with unfused myoblasts, cells were seeded in DMEM/10%
serum at 3.4 ⫻ 104/cm2, fresh medium was added after 24 h, and myo-

SNAT2, Amino Acids, and mTOR

1427

Figure 2. Effect of extracellular l-Gln concentration on intracellular concentrations of l-Gln (A), l-Leu (B), and l-phenylalanine (l-Phe; C) after 2 h at pH 7.4. *P ⬍ 0.05 versus medium with
2 mM l-Gln. Results from one experiment representative of
three independent experiments are shown (n ⫽ 3 replicate
culture wells for each treatment).

blasts were used after an additional 17 h. Unless otherwise stated, experimental incubations were performed in Minimum Essential Medium with
2 mM l-Gln, penicillin (105 IU/L), streptomycin (100 mg/L), and 2%
(vol/vol) dialyzed FBS. At the end of experimental incubations, lysates for
mTOR signaling studies and a 170,000 ⫻ g total membrane fraction that
contained SNAT2 were prepared as described previously (21,22).
Protein synthesis rate was determined from incorporation of l-[2,6
3
H]-phenylalanine ([2,6 3H]-Phe; Amersham TRK552, Little Chalfont,
UK) into protein (22) during a 4-h incubation at the end of the experiment, in the specified experimental medium. The concentration of
3
H-l-Phe in the medium was 2 mCi (74 MBq)/L, and total l-Phe
concentration was 600 mol/L. For the acute 2-h experiment, the
incubation was with 2 mCi (74 MBq)/L 3H-l-Phe and 200 mol/L
l-Phe for 30 min. Cultures were then rinsed three times on ice with
0.9% (wt/vol) NaCl and scraped in 10% (wt/vol) TCA to precipitate
labeled protein. Total protein and DNA were determined as described
previously (18), and protein synthesis is expressed as nanomoles of
l-Phe incorporated per milligram of protein.
Protein degradation was measured by prelabeling cell protein with
3
H-l-Phe and measuring release of acid-soluble radioactivity into the
medium (23), expressed as log10 of the percentage of the total initial
cellular 3H per hour (23). Cell viability was assessed from release of
acid-precipitable radioactivity into the medium, an indicator of intact
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Table 1. Effect of extracellular l-Gln starvation, pH, and SNAT2 inhibition with MeAIB on intracellular free amino
acid profile in L6-G8C5 myotubes after 2-h incubationsa
Parameter

Composition of the Medium

pH
l-Gln (mmol/L)
MeAIB (mmol/L)

7.4
0
0

Amino acid

Concentration in fresh
MEM (mol/L)

l-Ala
l-Arg
l-Asn
l-Asp
l-Cys
l-Glu
Gly
l-His
l-Ile
l-Lys
l-Met
l-Phe
l-Pro
l-Ser
l-Thr
l-Trp
l-Tyr
l-Val

Nil
600
Nil
Nil
200b
Nil
Nil
200
400
400
100
200
Nil
Nil
400
50
200
400

7.1
2
0

7.4 (Control)
2
0

7.7
2
0

7.4
2
10

Intracellular Free Amino Acid Concentration (nmol/mg protein)
75.9 ⫾ 2.1
5.23 ⫾ 0.15c
0.54 ⫾ 0.05c
25.6 ⫾ 1.3c
UD
28.3 ⫾ 1.3c
13.1 ⫾ 0.5
3.6 ⫾ 0.2c
5.5 ⫾ 0.2c
UD
3.7 ⫾ 0.3c
4.39 ⫾ 0.12c
1.5 ⫾ 0.1c
1.81 ⫾ 0.06
36.1 ⫾ 1.1c
1.40 ⫾ 0.05c
4.79 ⫾ 0.15c
6.03 ⫾ 0.19c

71.3 ⫾ 1.3
3.99 ⫾ 0.08c
1.28 ⫾ 0.05c
37.4 ⫾ 1.2c
UD
37.0 ⫾ 0.8d
14.4 ⫾ 0.5c
1.2 ⫾ 0.1c
2.5 ⫾ 0.1c
UD
1.2 ⫾ 0.2d
1.92 ⫾ 0.08c
3.9 ⫾ 0.3
1.53 ⫾ 0.06
15.3 ⫾ 0.5c
0.69 ⫾ 0.05c
2.32 ⫾ 0.38c
3.06 ⫾ 0.14c

70.0 ⫾ 1.7
4.68 ⫾ 0.12
1.43 ⫾ 0.05
47.4 ⫾ 1.5
UD
42.2 ⫾ 2.1
12.1 ⫾ 0.2
2.4 ⫾ 0.3
3.7 ⫾ 0.2
UD
1.8 ⫾ 0.3
2.82 ⫾ 0.09
3.4 ⫾ 0.2
1.60 ⫾ 0.05
20.2 ⫾ 0.4
0.98 ⫾ 0.05
3.12 ⫾ 0.15
4.05 ⫾ 0.19

69.3 ⫾ 2.5
4.94 ⫾ 0.11
1.34 ⫾ 0.03
47.0 ⫾ 0.6
UD
48.8 ⫾ 3.0c
10.4 ⫾ 0.2c
2.7 ⫾ 0.2
3.9 ⫾ 0.2
UD
2.3 ⫾ 0.3
3.14 ⫾ 0.07
3.4 ⫾ 0.2
1.58 ⫾ 0.06
25.9 ⫾ 0.4c
1.01 ⫾ 0.04
3.41 ⫾ 0.14
4.32 ⫾ 0.19

69.4 ⫾ 1.6
3.38 ⫾ 0.11c
0.92 ⫾ 0.02c
43.8 ⫾ 0.7
UD
38.8 ⫾ 2.0
12.9 ⫾ 0.3
0.8 ⫾ 0.1c
1.7 ⫾ 0.1c
UD
1.1 ⫾ 0.2
1.29 ⫾ 0.04c
2.4 ⫾ 0.1c
1.29 ⫾ 0.05c
9.4 ⫾ 0.2c
0.52 ⫾ 0.02c
1.42 ⫾ 0.06c
2.59 ⫾ 0.08c

a

Data for l-Gln and l-Leu are presented in Figure 1. Results from one experiment representative of four independent
experiments are shown (n ⫽ 5 replicate culture wells for each treatment). Ala, alanine; Arg, arginine; Asn, asparagine; Asp,
aspartic acid; Cys, cysteine; Glu, glutamic acid; Gly, glycine; His, histidine; Ile, isoleucine; Lys, lysine; MeAIB,
methylaminoisobutyrate; MEM, Minimum Essential Medium; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine;
Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine; UD, undetectable.
b
Added as cystine.
c
P ⬍ 0.05 versus pH 7.4 control.
d
P ⬍ 0.05 versus pH 7.7.
protein leakage and cell detachment (24). Release is expressed as percentage of the total initial cellular 3H per hour.
SNAT2 transporter activity was assayed from uptake of 14C-methylaminoisobutyrate (MeAIB; NEN-Du Pont, Beaconsfield, UK) into intact
myotubes during 5-min incubations (25) with 10 mol/L MeAIB at 0.5
mCi (18.5 MBq)/L. For subconfluent myoblasts, this was increased to
40 mol/L at 2 mCi (74 MBq)/L.

Amino Acid Analysis
Cultures on 35-mm wells were rapidly chilled on ice, rinsed three
times with ice-cold 0.9% (wt/vol) NaCl, and deproteinized by scraping
in 150 l of 0.3 M perchloric acid. Precipitated protein was sedimented
(10 min, 4°C, 3000 ⫻ g) and retained for total protein assay. Supernatant
was neutralized by vortexing with an equal volume of tri-n-octylamine/1,1,2-trichloro, trifluoro-ethane (22:78 vol/vol) (26). The top
(neutralized aqueous) phase was stored at ⫺80°C. Amino acids were
determined on an Agilent 1100 high-performance liquid chromatograph with Zorbax Eclipse AAA column (4.6 ⫻ 75 mm, 3.5 m) at 40°C
with o-phthalaldehyde/3-mercaptopropionate/9-fluorenylmethylchloroformate precolumn derivatization and ultraviolet and fluorimetric
postcolumn detection.

SDS-PAGE and Immunoblotting
Cell lysates or membranes (20 g protein per lane) were subjected to
SDS-PAGE, and proteins were blotted onto nitrocellulose membranes

(Amersham Hybond ECL). Membranes were blocked for 1 h at room
temperature with Tris-buffered saline (pH 7.6) with 5% (wt/vol) skim
milk and 0.1% (vol/vol) Tween 20 detergent, and then probed with
primary antibodies in blocking buffer at 4°C overnight. Anti-SNAT2
rabbit polyclonal antibody (raised against the N-terminal hydrophilic
portion of rat SNAT2 [amino acids 1 to 65] and characterized previously [27]) was used at 1:4000 dilution. Anti–␣1-Na,K-ATPase mouse
monoclonal (Abcam, Cambridge, UK) was used at 1:5000. Antibodies
against ribosomal protein (rp) S6-kinase (New England Biolabs,
Hitchin, UK) and phosphorylated rpS6 and 4E-BP1 were used at 1:1000
dilution. Primary antibody was detected using horseradish peroxidase–
conjugated goat anti-rabbit IgG or rabbit anti-mouse IgG (Dako, Ely,
UK) at 1:1500 dilution for 2 h in blocking buffer at room temperature.
Horseradish peroxidase–labeled bands were detected by chemiluminescence (ECL; Amersham) and quantified with a Bio-Rad GS700 densitometer (Bio-Rad, Hemel Hempstead, UK) using Molecular Analyst
v1.4 software.

RNA Isolation and Reverse Transcriptase–PCR
RNA was isolated from cells using TRIzol (Invitrogen) and quantified by spectrophotometry at 260 nm. RNA was reverse-transcribed
using an AMV Reverse Transcription System (Promega A3500, Madison, WI) and was amplified by PCR using the following gene-specific
primers: Rat SNAT1 (28) (493-bp product), forward 5⬘-CTGATCGGGAGAGTAGGAGGAGTC-3⬘ and reverse 5⬘-AGCGGGAGAATTAT-

J Am Soc Nephrol 18: 1426 –1436, 2007

Figure 3. Effect of extracellular l-Leu concentration on intracellular concentrations of l-Leu (A), l-Gln (B), and l-Phe (C) after
2 h at pH 7.4. *P ⬍ 0.05 versus medium with 0.4 mmol/L l-Leu.
Pooled results from three independent experiments are shown
with duplicate culture wells for each treatment in each experiment.

GCCAAAGGTT-3⬘; rat SNAT2 (28) (693-bp product), forward 5⬘-TACGAACAGTTGGGACATAAGG-3⬘ and reverse 5⬘-AGTTCCCACGATCGCAGAGTAG-3⬘; rat SNAT3 (29) (337-bp product), forward 5⬘TTGGGCATATTTGGGATCATTGGTG-3⬘ and reverse 5⬘-TCCCCTGTCTTTCTCCCCTTCCTTA-3⬘; rat SNAT4 (30) (187- product),
forward 5⬘-ACCCTGGAACGACCTCTTTT-3⬘ and reverse 5⬘-CCTTCCTTGGCTGTCTTCAG-3⬘; rat SNAT5 (29) (424-bp product), forward
5⬘-TCAGCCCCTAGCCTCATCTTCATCC-3⬘ and reverse 5⬘-AGCTGGCCTCCCTTCCTCCTCTC-3⬘; and rat Cyclophilin A (31) (369-bp
product), forward 5⬘-CAACCCCACCGTGTTCTTCG-3⬘ and reverse 5⬘TTGCCATCCAGCCACTCAGTC-3⬘. Amplification was performed using Abgene Reddymix System (Abgene AB-0575/LD/b, Rochester,
NY), with the following PCR amplification conditions: 94°C for 4 min,
then 25 cycles that comprised 94°C for 30 s, 55°C for 1 min, and 68°C for
1 min, followed by a final single extension step of 68°C for 7 min.
Reverse transcriptase–PCR products were resolved on 1.5% (wt/vol)
agarose in 40 mM Tris-acetate and 1 mM EDTA (pH 8.3) with 0.5 g/ml
ethidium bromide and visualized by ultraviolet fluorescence.

Small Interfering RNA Transfection
Because confluent cultures (including myotubes) show limited transfection with small interfering RNA (siRNA) oligonucleotides, myoblasts (40% confluent) were used for siRNA transfection. Their ability to
take up siRNA was confirmed with fluorescein-labeled double-
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Figure 4. (A) Detection of SNAT (slc38 gene family) expression
in L6-G8C5 myoblasts by reverse transcriptase–PCR (RT-PCR)
using specific oligonucleotide primers (see Materials and Methods). Only SNAT2 expression was detected. White arrows denote the size of the PCR products expected with the primers for
SNAT1 and SNAT3 to 5. “Ladder” is a PhiX174 HaeIII DNA
digest (Sigma D-0672). (B) Confirmation of small interfering
RNA (siRNA) silencing of SNAT2 expression in L6-G8C5 myoblasts by RT-PCR using the same SNAT2-specific PCR primers
as in A and Cyclophilin A primers “CyA” as a loading control.
T, transfection blank (cells that were exposed to calcium phosphate transfection agent only); Scr, cells that were exposed to
scrambled control siRNA; Sil, cells that were exposed to
SNAT2-silencing siRNA. (C) Confirmation of siRNA silencing
of SNAT2 expression by immunoblotting of proteins that were
separated by SDS-PAGE from a 170,000 ⫻ g membrane fraction
that was derived from L6-G8C5 myoblasts that were incubated
with siRNA or transfection agent as in B. Proteins were probed
with SNAT2-specific antibody or ␣1-Na, K-ATPase antibody
“Na,K” as a loading control. Results are representative of three
independent experiments.
stranded random siRNA (Qiagen 1022081, Crawley, UK) followed by
quantification by flow cytometry. For SNAT2 silencing, myoblasts were
transfected with the following double-stranded siRNA at a final concentration of 30 nM for 16 h in DMEM/10% FBS using Profection
Calcium Phosphate transfection (Promega E1200): (1) SNAT2 silencing
siRNA (forward sequence 5⬘-CUGACAUUCUCCUCCUCGUdTdT directed against base position 1095 onward in the gene sequence) and (2)
scrambled control siRNA (forward sequence 5⬘-CGCUCUACUCUACUUGUCCdTdT) sharing the same base composition as (1) but in
random sequence. After transfection, cultures were incubated in fresh
DMEM/10% FBS for 24 h before commencing measurements.

Statistical Analyses
Data are presented as means ⫾ SE. Statistical significance was assessed by ANOVA and post hoc testing with Duncan multiple range
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test, using SPSS 11.01 (SPSS, Chicago, IL). Changes were regarded as
significant at P ⬍ 0.05.

Results
SNAT2 Inhibition Depletes Intracellular Amino Acids
For investigation of whether SNAT2 has a role in maintaining
intracellular l-Gln concentration, this transporter was subjected
to selective competitive inhibition by incubation of L6 myotubes with a saturating dose of the specific substrate MeAIB.
Intracellular l-Gln was strongly depleted (by 75%) after only
2 h (Figure 1A). Partial (approximately 40%) inhibition of
SNAT2 transporter activity was also achieved by acidosis (i.e.,
by lowering the pH of the medium to 7.1 [Figure 1C]). As
expected, this inhibitory effect on SNAT2 led to a commensurate depletion of l-Gln (Figure 1A).
SNAT2 inhibition also led to significant depletion of
l-leucine (l-Leu; Figure 1B), another amino acid that exerts a
protein anabolic effect in human muscle (32) and L6 cells
(33,34). l-Leu is not a substrate for SNAT2 (27), and MeAIB is
not a substrate for the System L transporters of the slc7 family
that carry l-Leu (35). This suggests that coupling occurs between SNAT2 and System L transporters, possibly mediated by
the transmembrane l-Gln gradient and 1:1 exchange of l-Gln
for l-Leu (see Figure 1D and the Discussion section). To demonstrate that the l-Gln gradient is involved in active accumulation of l-Leu inside the cells, l-Gln was removed from the
extracellular medium. This depleted intracellular l-Gln, but
after 2 h, the concentration inside the cells was still appreciable:
Approximately 4 nmol/mg protein (Figure 1A). The inside/
outside concentration gradient (4 divided by 0, i.e., tending to
infinity) was therefore considerably larger than in the control
cultures and led to the predicted enhanced accumulation of
l-Leu in the cells (Figure 1B). This effect of extracellular l-Gln
depletion on intracellular l-Leu was dosage-dependent (Figure
2, A and B) and also led to the expected intracellular accumulation of other System L substrates with bulky side chains such
as l-Phe (Figure 2C) and l-isoleucine (l-Ile), l-valine (l-Val),
l-tyrosine (l-Tyr), and l-tryptophan (l-Trp; Table 1). For providing further evidence that inside/outside transmembrane
gradients of System L amino acids can drive intracellular accumulation of other System L substrates, a steep transmembrane
inside/outside gradient of l-Leu was imposed by removal of
extracellular l-Leu (Figure 3A). Despite the much smaller mass
of l-Leu than l-Gln in both intracellular and extracellular fluid,
this led as predicted to a small but reproducible increase in
intracellular l-Gln (Figure 3B) and l-Phe (Figure 3C).

Silencing of SNAT2 Gene Expression
To confirm that the predominant System A transporter gene
that is expressed in L6-G8C5 cells is SNAT2, we examined
expression of all five slc38 family transporters using genespecific PCR primers. In agreement with earlier studies in L6
myotubes (28) and in rat skeletal muscle in vivo (27), only
SNAT2 was detected (Figure 4A). The dominant role of SNAT2
in l-Gln and l-Leu homeostasis was confirmed in L6-G8C5
myoblasts by silencing SNAT2 expression using siRNA.
SNAT2 silencing was demonstrated by reverse transcriptase–
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PCR (Figure 4B) and Western blotting (Figure 4C) and by
functional assay of transporter activity (Figure 5A). Whereas
the silencing siRNA significantly reduced SNAT2 expression
(Figure 4, B and C), transfection agent or scrambled control
siRNA had no effect.
In Figure 5A, the severity of SNAT2 transporter inhibition
with the silencing siRNA was comparable with that observed
during acidosis (Figure 1C). As expected, depletion of l-Gln, of
branched-chain amino acids (l-Leu, l-Ile, and l-Val), of aromatic amino acids (l-Phe, l-Tyr, and l-Trp), and of l-histidine,
l-methionine, and l-threonine (Figure 5, Table 2) was similar to
that observed in myotubes at pH 7.1 (Figure 1, Table 1). In
contrast, scrambled siRNA, when compared with transfection
agent alone, had a negligible effect, exerting a statistically significant effect only on glycine (Table 2).

Figure 5. Effect of SNAT2 silencing with siRNA on amino acids in
L6-G8C5 myoblasts. SNAT2 protein expression in this experiment
is shown in Figure 4C. (A) SNAT2 transporter activity assessed
from the rate of uptake of 14C-MeAIB. (B) Intracellular l-Gln
concentration. (C) Intracellular l-Leu concentration. (Data for
other amino acids are presented in Table 2.) Twenty-four hours
after removal of transfection agent, cultures were incubated for an
additional 3 h in minimum essential medium (MEM; pH 7.4) with
2% dialyzed serum before preparation of amino acid extracts. *P ⬍
0.05 versus Scr. Results from one experiment representative of
three independent experiments are shown (n ⫽ 3 to 4 replicate
culture wells for each treatment).
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Table 2. Effect of SNAT2 silencing with siRNA on intracellular free amino acid profile in L6-G8C5 myoblastsa
Amino
Acid

Concentration in Fresh
MEM (mol/L)

l-Ala
l-Arg
l-Asn
l-Asp
l-Cys
l-Glu
Gly
l-His
l-Ile
l-Lys
l-Met
l-Phe
l-Pro
l-Ser
l-Thr
l-Trp
l-Tyr
l-Val

Nil
600
Nil
Nil
200b
Nil
Nil
200
400
400
100
200
Nil
Nil
400
50
200
400

Intracellular Free Amino Acid Concentration
(nmol/mg protein)
Transfection
Blank

Scrambled
siRNA

Silencing
siRNA

50.8 ⫾ 7.7
6.5 ⫾ 1.0
1.01 ⫾ 0.11
16.6 ⫾ 2.2
UD
94.4 ⫾ 13.2
7.4 ⫾ 1.3
5.6 ⫾ 0.7
5.7 ⫾ 0.4
3.7 ⫾ 0.1
2.6 ⫾ 0.4
4.3 ⫾ 0.6
4.2 ⫾ 0.1
1.26 ⫾ 0.15
29.0 ⫾ 3.0
1.39 ⫾ 0.21
4.6 ⫾ 0.7
5.6 ⫾ 0.9

38.9 ⫾ 1.0
5.7 ⫾ 0.2
0.99 ⫾ 0.03
14.0 ⫾ 0.7
UD
88.9 ⫾ 3.8
3.9 ⫾ 0.8d
4.2 ⫾ 0.9
5.4 ⫾ 0.3
3.8 ⫾ 0.2
2.9 ⫾ 0.1
4.1 ⫾ 0.2
4.2 ⫾ 0.5
1.27 ⫾ 0.04
25.7 ⫾ 1.0
1.34 ⫾ 0.06
4.4 ⫾ 0.2
5.2 ⫾ 0.2

61.8 ⫾ 3.3c
5.7 ⫾ 0.3
0.96 ⫾ 0.04
16.5 ⫾ 0.6
UD
80.3 ⫾ 3.9
3.2 ⫾ 0.3d
1.9 ⫾ 0.1c,d
3.9 ⫾ 0.2c
3.9 ⫾ 0.2
1.6 ⫾ 0.1c
3.1 ⫾ 0.1c
4.8 ⫾ 0.4
1.31 ⫾ 0.16
19.8 ⫾ 0.9c
1.00 ⫾ 0.05c
3.2 ⫾ 0.2c
4.0 ⫾ 0.2c

a
Data for l-Gln and l-Leu are presented in Figure 5. Results from one experiment representative of three independent
experiments are shown (n ⫽ 4 replicate culture wells for each treatment). Silencing of SNAT2 protein expression in this
experiment is shown in Figure 4C. siRNA, small interfering RNA.
b
Added as cystine.
c
P ⬍ 0.05 versus scrambled siRNA.
d
P ⬍ 0.05 versus transfection blank.

SNAT2 Is a Potential Regulator of mTOR Signaling to
Protein Synthesis
Stimulation of protein phosphorylation events downstream
of mTOR has been demonstrated previously in L6 myotubes in
response to l-Leu (33) and may respond to other amino acids.
Depletion of amino acids by SNAT2 inhibition would therefore
be predicted to blunt such phosphorylation signals. For phosphorylation of rpS6, this was clearly demonstrated when
SNAT2 was inhibited with MeAIB or by low pH in L6 myotubes that had been stimulated with 2% serum or 100 nM
insulin (Figures 6A and 7B). A similar result was obtained for
S6 kinase activation detected by mobility shift (Figure 6B) and
for 4E-BP1 phosphorylation (Figure 6C).
To test the possibility that MeAIB exerts its effects in Figure
6 by acutely blocking amino acid sensing by the cells, rather
than through its actions on SNAT2, we also performed experiments in cultures that were preincubated for 4 h with MeAIB,
followed by thorough rinsing and incubation with medium
without MeAIB. SNAT2 is known to upregulate when starved
of its amino acid substrates (28) and, conversely, downregulates when substrate loaded. After 4 h of preincubation with 10
mM MeAIB, SNAT2 transporter activity was strongly downregulated (Figure 7A), and detectable downregulation persisted
for a further 2h in medium without MeAIB (Figure 7A). Such
preincubation also led to impairment of rpS6 phosphorylation
(Figure 7B), suggesting that MeAIB acts via SNAT2 rather than
through acute effects on amino acid sensing. Impairment of
rpS6 phosphorylation by SNAT2 inhibition was also confirmed
by silencing SNAT2 with siRNA (Figure 6D).

Functional Effects of SNAT2 on Protein Metabolism
Effects of pH and MeAIB. In myotubes, the effect of low
pH on mTOR signaling in Figures 6 and 7 was accompanied by
a sustained 48-h impairment of global protein synthesis (Figure
8C) and a decrease in total protein (10 ⫾ 2% decrease in 48-h
versus pH 7.4 cultures; P ⬍ 0.05). Similarly, in myoblasts, 24 h
of incubation at pH 7.1 decreased total protein content and
impaired protein synthesis (Table 3). The acidosis effect on
protein synthesis in myotubes was blunted by 10 nM rapamycin, a dosage that almost abolishes signaling to rpS6 (Figure 8,
A and C), suggesting that signaling through mTOR is involved.
The effect was also blunted by extracellular l-Gln deprivation
(Figure 8C), suggesting that it is mediated at least partly by
effects on l-Gln.
We showed previously in L6 myotubes that antagonism of
amino acid influx through SNAT2 with as little as 1 mM MeAIB
in the presence of 2 mM l-Gln stimulates protein degradation
within 7 h (18), an effect that is blunted by extracellular l-Gln
deprivation or l-Gln loading, suggesting that MeAIB acts at
least partly by antagonizing l-Gln influx (18). In this study with
myotubes in the presence of 2 mM l-Gln, MeAIB also significantly impaired global protein synthesis within 2 h at dosages
down to 1 mM (Figure 8B). This impairment was sustained for
at least 48 h (Figure 8D), was comparable in magnitude with the
impairment that was seen with rapamycin or l-Gln starvation
(Figure 8, C and D), and was accompanied by a decline in total
protein (16 ⫾ 2% decrease in 48 h; P ⬍ 0.05). The magnitude of
this inhibition of protein synthesis was blunted by extracellular
l-Gln deprivation (30 ⫾ 4% decrease; P ⬍ 0.05; Figure 8D) and
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Figure 6. (A through C) Effect of 2 h of extracellular l-Gln
starvation, pH variation, or inhibition of SNAT2 transporters
with 10 mM MeAIB on mammalian target of rapamycin
(mTOR)-dependent signaling in L6-G8C5 myotubes that
were incubated in MEM with 2% dialyzed serum or serumfree medium with 100 nM bovine insulin. Proteins were
separated by SDS-PAGE and immunoblotted using specific
antibodies. Blots representative of at least three independent
experiments are presented as follows: (A) Ribosomal protein
S6 (rpS6) phosphorylated at Ser residue 235/6. Quantification of rpS6 phosphorylation by densitometry is presented in
Figure 7. (B) Ribosomal protein S6 kinase (irrespective of its
state of phosphorylation). Mobility shifting of the main
bands in MeAIB-treated cultures (black arrow) relative to the
pH 7.4 control cultures indicates impaired phosphorylation/
activation of rpS6 kinase. (C) Eukaryotic initiation factor 4E
binding protein 1 (4E-BP1) phosphorylated at Ser residue 65.
In four independent experiments, the phosphorylation signal
with MeAIB (quantified by densitometry) was 53 ⫾ 9% of the
pH 7.4 Control value, P ⬍ 0.05. (D) Effect of SNAT2 silencing
with siRNA on rpS6 phosphorylation. Twenty-four hours
after removal of transfection agent, cultures were incubated
for an additional 2 h in serum-free MEM (pH 7.4) with 100
nM bovine insulin. The bar graph denotes quantification of
phosphorylation by densitometry from five independent experiments expressed as percentage of the Scr control value.
*P ⬍ 0.05 versus Scr.

abolished in medium loaded with 22 mM l-Gln (Figure 8D),
again suggesting that antagonism of l-Gln by MeAIB was a
contributor. In myoblasts, complete inhibition of SNAT2 with
10 mM MeAIB impaired protein synthesis, stimulated protein
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Figure 7. (A) Effect on SNAT2 transporter activity of acute
incubation (Acute) or prolonged preincubation (Preinc) with
MeAIB. L6-G8C5 myotubes were incubated for 4 h in MEM/2%
FBS with (Preinc) or without (Cont and Acute) 10 mM MeAIB.
Time 0 cultures were then rinsed three times with HBSS, and
SNAT2 transporter activity (uptake of 14C-MeAIB calculated
using a specific radioactivity of 50 mCi [1.85 GBq]/mmol) was
immediately measured (see Materials and Methods). Time 2-h
cultures received an additional 2 h of incubation in serum-free
MEM at pH 7.4 with 100 nM bovine insulin with (Acute) or
without (Cont and Preinc) 10 mM MeAIB. Uptake of 14CMeAIB was then measured immediately at the end of the 2-h
incubation. In Acute cultures, 10 mM MeAIB was present
throughout the 2-h incubation and during both the time 0 and
2 h 14C-MeAIB uptake assays: 14C-MeAIB uptake in these cultures reflects nonspecific binding rather than transport into the
cells. *P ⬍ 0.05 versus the corresponding Cont cultures. Results
from one experiment representative of three independent experiments are shown (n ⫽ 3 replicate culture wells for each
treatment). (B) Effect on rpS6 phosphorylation of Acute or
Preinc with MeAIB. Cultures were incubated as in the experiment with bovine insulin in Figure 6A, but those with MeAIB
were either incubated acutely (Acute) for 2 h or preincubated
(Preinc) for 4 h followed by removal of MeAIB for the last 2 h,
exactly as described in A. Immunoblotting was performed as in
Figure 6A. The bar graph denotes quantification of rpS6 phosphorylation by densitometry from 15 independent experiments
(six for Preinc) expressed as percentage of the pH 7.4 Control
value. *P ⬍ 0.05 versus Cont.

degradation, and decreased total protein without loss of cell
viability (Table 3). However, unlike myotubes (18), partial inhibition of SNAT2 with low pH had no effect on protein degradation (Table 3), and partial competitive inhibition of SNAT2
with lower dosages of MeAIB (0.5 to 2 mM) gave negligible
stimulation of protein degradation (data not shown), suggest-
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ble 4). This was not attributable to cell toxicity (protein leakage
or cell detachment) because protein release into the medium
decreased rather than increased when SNAT2 was silenced
(Table 4). In agreement with the lack of effect of low pH on
protein degradation in myoblasts (Table 3), the partial silencing
of SNAT2 activity (76% inhibition) had no stimulatory effect on
protein degradation (Table 4). However, the protein synthesis
rate was lower in the silenced cultures (Table 4), commensurate
with the decline in synthesis that was observed with low pH or
MeAIB in Table 3.

Discussion
SNAT2 Determines l-Gln Concentration in L6-G8C5 Cells

Figure 8. (A) Inhibition of mTOR signaling with rapamycin in
L6-G8C5 myotubes. Phosphorylation of rpS6 after 2 h in MEM
(pH 7.4) with 2% dialyzed serum and the specified dosage of
rapamycin was detected exactly as described in Figure 6A.
Identical results were obtained with 100 nM bovine insulin in
place of serum. (B through D) Effects of pH or SNAT2 inhibition on protein synthesis rate (3H-l-Phe incorporation) in L6G8C5 myotubes. Pooled data from three independent experiments (n ⫽ 3 replicate culture wells for each treatment). (B)
Dosage-response curve for acute inhibition of protein synthesis
by MeAIB. Myotubes were incubated for 2 h in MEM (pH 7.4)
with 2% dialyzed serum and the specified dosage of MeAIB.
3
H-l-Phe was present in the medium for the final 30 min of the
incubation. Synthesis rate is expressed as percentage of the rate
in control cultures without MeAIB. Significant (P ⬍ 0.05) inhibition was observed at all dosages ⬎0.5 mM. (C) Effect of
prolonged acidosis on protein synthesis rate. Myotubes were
incubated for 48 h in MEM with 2% dialyzed serum and the
specified concentrations of l-Gln or rapamycin at pH 7.1 (f),
pH 7.4 (u), or pH 7.7 (䡺). *P ⬍ 0.05 versus the corresponding
value at the same pH with 2 mM l-Gln and without rapamycin;
⫹
P ⬍ 0.05 versus the corresponding value at pH 7.4. (D) Effect
of prolonged SNAT2 inhibition with MeAIB on protein synthesis rate. Myotubes were incubated for 48 h in MEM (pH 7.4)
with 2% dialyzed serum and the specified concentrations of
l-Gln in medium with 10 mM MeAIB (f) or no MeAIB (u).
*P ⬍ 0.05 versus the corresponding value with 2 mM l-Gln;
⫹
P ⬍ 0.05 versus the value at the same l-Gln concentration
without MeAIB.

ing that protein degradation in myoblasts is less responsive to
SNAT2 than in myotubes.
Effects of SNAT2 Silencing. The functional importance of
SNAT2 in protein metabolism was confirmed by silencing
SNAT2 in L6 myoblasts with siRNA (Table 4). SNAT2 silencing
significantly decreased the protein content of the cultures (Ta-

This study is the first demonstration that selective inhibition
of a single transporter protein, SNAT2 (slc38 A2), leads to
marked depletion of l-Gln in cultured skeletal muscle cells. At
first glance, this is surprising because a wide range of amino
acid transporter genes are expressed in muscle and a number of
these transport l-Gln (36). Not all of these, however, directly
accumulate l-Gln inside cells against its concentration gradient.
For example, ASC transporters (slc1 A4 and A5) and System L
transporters (slc7 A5 and A8) are primarily amino acid exchangers (36) and consequently have only secondary effects on
intracellular l-Gln concentration. Transporters of the SNAT/
slc38 family other than SNAT2 can transport l-Gln against a
gradient (19) but are unlikely to contribute to l-Gln accumulation in L6 cells because they are expressed only at low level
(Figure 4A). A similar situation applies in muscle in vivo, where
the predominant SNAT transporter expressed is again SNAT2
(27,28). Of the other System A transporters, SNAT1 is expressed
only at low level (19), and SNAT4 is unlikely to be a major
contributor because l-Gln is only a weak substrate for this
transporter (37). The low levels of N-type transporters SNAT3
and SNAT5 in muscle are also unlikely to drive intracellular
l-Gln accumulation in view of their role in l-Gln efflux (38).

Inhibition of SNAT2 Depletes Amino Acids That Are Not
Transported on SNAT2
It is important to note that selective inhibition of SNAT2 led
to depletion of other amino acids that are not regarded as
SNAT2 substrates (Figures 1B and 5C, Tables 1 and 2), suggesting that SNAT2 also exerts indirect effects. This is consistent
with reports that System A transporters, particularly SNAT2
(39) “energize” the active accumulation of amino acids through
other transporters, notably System L, by building a transmembrane l-Gln gradient that then drives active uptake of other
amino acids, such as l-Leu, by exchange of intracellular l-Gln
for extracellular l-Leu (Figure 1D). Manipulation of the transmembrane l-Gln and l-Leu gradients in L6-G8C5 myotubes
followed by measurement of changes in intracellular l-Leu and
l-Gln, respectively, confirmed the presence of such effects in
this study (Figures 1 through 3). This suggests that SNAT2 is an
important determinant of the intracellular concentration of
amino acids that are thought to exert a protein anabolic effect in
muscle (l-Gln, l-Leu, l-Ile, and l-Val).
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Table 3. Functional effects on global protein metabolism of inhibiting SNAT2 for 24 h with low pH or MeAIB in
L6-G8C5 myoblastsa
Composition of the Experimental Medium (pH)
Parameter

7.4
(Control)

7.1
l-Gln (mmol/L)
MeAIB (mmol/L)
Total protein t ⫽ 28 h
g/35-mm well
% of pH 7.4 control value
Protein synthesis rate t ⫽ 24 to 28 h
nmol l-Phe/mg protein in 4 h
% of pH 7.4 control value
Protein degradation rate t ⫽ 26 to 33 h
log10%/h ⫻ 103
% of pH 7.4 control value
Intact protein leakage (cell damage indicator)
t ⫽ 26 to 33 h
% per h
% of pH 7.4 control value

2
0

7.7

2
0

2
0

7.4
2
10

174 ⫾ 17
81 ⫾ 6b

212 ⫾ 11
100

195 ⫾ 15
92 ⫾ 5

165 ⫾ 18b
77 ⫾ 7b

8.8 ⫾ 0.3c
89 ⫾ 3b

9.9 ⫾ 0.5
100

10.3 ⫾ 0.3
104 ⫾ 3

8.15 ⫾ 0.12b
82 ⫾ 1b

10.8 ⫾ 0.9
102 ⫾ 2

10.5 ⫾ 0.9
100

10.4 ⫾ 1.1
98 ⫾ 2

13.6 ⫾ 1.0
130 ⫾ 2b

0.13 ⫾ 0.01
80 ⫾ 8

0.16 ⫾ 0.01
100

0.17 ⫾ 0.02
102 ⫾ 8

0.15 ⫾ 0.02
94 ⫾ 8

a
Pooled data from three experiments are shown (with three replicate culture wells for each treatment). Cells were incubated
in the experimental medium (MEM ⫹ 2% dialyzed FBS with the additions stated) for 24 h. All measurements were then made
in parallel at the times (t) indicated using fresh samples of the same experimental medium.
b
P ⬍ 0.05 versus pH 7.4 control.
c
P ⬍ 0.05 versus pH 7.7.

Table 4. Functional effects on global protein metabolism of 24 h of SNAT2 silencing with siRNA in L6-G8C5
myoblastsa

SNAT2 Transporter Activity t ⫽ 24 h
pmol MeAIB/mg protein per min
% of control value
Total protein t ⫽ 28 h
g/35-mm well
% of control value
Protein synthesis rate t ⫽ 24 to 28 h
nmol l-Phe/mg protein in 4 h
% of control value
Protein degradation rate t ⫽ 26 to 33 h
log10%/h ⫻ 103
% of control value
Intact protein leakage (cell damage indicator)
t ⫽ 26 to 33 h
% per h
% of control value

Transfection
Blank

Control Scrambled siRNA

Silencing
siRNA

227 ⫾ 48
97 ⫾ 10

249 ⫾ 56
100

63 ⫾ 19b
24 ⫾ 7b

316 ⫾ 55
106 ⫾ 15

284 ⫾ 40
100

203 ⫾ 31
71 ⫾ 5b

9.1 ⫾ 1.2
99 ⫾ 1

9.2 ⫾ 1.2
100

8.2 ⫾ 1.1
88 ⫾ 2b

7.3 ⫾ 0.4
94 ⫾ 6

7.7 ⫾ 0.4
100

7.4 ⫾ 0.4
97 ⫾ 5

0.11 ⫾ 0.02
84 ⫾ 6b

0.14 ⫾ 0.03
100

0.09 ⫾ 0.01
73 ⫾ 6b

a

Pooled data from three experiments are shown (with three replicate culture wells for each treatment). Cells were
transfected with SNAT2 silencing siRNA or scrambled control siRNA as described in Materials and Methods. Transfection
was followed by a 24-h incubation in DMEM ⫹ 10% FBS. All measurements were then made in parallel at the times indicated
in MEM at pH 7.4 with 2% dialyzed FBS. The times (t) denote the time elapsed since removal of the transfection agent.
b
P ⬍ 0.05 versus scrambled control siRNA.

SNAT2 Regulates mTOR and Influences Protein Metabolism
Signaling effects through amino acid transporters are now a
well-established concept in mammalian cell biology (36). Although much remains to be learned about signaling pathways that
are affected by SNAT2, the data in Figures 6 and 7 suggest that the
level of SNAT2 inhibition by acidosis exerts functionally signifi-

cant effects on mTOR, consistent with an earlier report of coregulation of SNAT2 and mTOR in L6 cells that were treated with
ceramide (17). Acute inhibition of the flux through SNAT2 by
treating with MeAIB could in principle exert nonspecific effects
(independent of SNAT2) because MeAIB is itself an amino acid
analogue and might influence amino acid sensing by the cell. This
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is unlikely to be the explanation, however, because preincubation
with MeAIB, which downregulates SNAT2 transport, followed by
a 2-h washout period without MeAIB, also led to impaired rpS6
phosphorylation (Figure 7B), suggesting that MeAIB is more likely
to be acting on SNAT2. A similar impairment of rpS6 signaling
was obtained by silencing SNAT2 with siRNA (Figure 6D), and
these effects on mTOR were followed by sustained effects on
protein metabolism (Figure 8, Tables 3 and 4). These observations
are functionally important because System A/SNAT2 transporters upregulate in muscle in response to exercise (40) (and presumably downregulate in sedentary renal patients), and mTOR signaling is a key link between mechanical loading of muscle and the
resulting stimulation of protein synthesis (41,42). It is still unclear,
however, which amino acids that are affected by SNAT2 mediate
the effects of SNAT2 on mTOR and protein metabolism.

SNAT2 Inhibition Mimics the Effects of Acidosis In Vivo
A recent site-directed mutagenesis study showed that SNAT2
inhibition by low pH is largely a consequence of protonation of
the extracellular carboxyterminal histidine residue (20). The fall in
interstitial fluid pH that occurs even during compensated metabolic acidosis in vivo (43,44) would therefore be expected to inhibit
SNAT2 directly. Inhibition of System A/SNAT2 activity has been
reported in vivo in skeletal muscle of patients with chronic renal
failure (45), and persistent inhibition has been demonstrated during ex vivo incubation of muscles from uremic rats (46), suggesting
that uremic factors other than protonation also inhibit SNAT2. The
pattern of amino acid depletion that was observed in this study
resembles the changes in intramuscular amino acid concentrations
and muscle/plasma concentration gradients that were reported in
hemodialysis patients (5,6). The mechanisms reported here may
therefore be relevant to the initiation of amino acid depletion and
impaired protein metabolism in vivo. Finally, these effects may be
particularly important in renal patients with diabetes. In view of
their preexisting insulin deficiency or insulin resistance, the inhibition of amino acid– dependent insulin signaling through mTOR
after SNAT2 inhibition may explain why muscle protein metabolism is so badly impaired in these patients (1). It will now be
interesting to determine whether other pathways of insulin signaling in addition to mTOR are impaired by inhibiting SNAT2.
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