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 Background: Diabetes mellitus (DM) is characterized by a decreased blood level of glutamine (Gln), which may contribute to 
the disturbance in the effect of insulin on skeletal muscle. Therefore, it is crucial to study how to improve the 
effect of insulin on skeletal muscle by increasing Gln. In the present study, we investigated the effect of Gln on 
the hypoglycemic action of insulin in skeletal muscle L6 cells at high glucose levels through the insulin signal-
ing pathway and glycogen synthesis pathway.

 Material/Methods: The L6 cells were cultured in and stimulated by Gln and insulin. The glutamine analogue, L-Gamma-Glutamyl-
p-nitroanilide (GPNA), was used for verifying the effect of Gln. The expression of insulin signaling molecules, 
including phosphatidylinositol-3-kinase (PI3K), 3-phosphoinositide-dependent protein kinase-1 (PDK1), protein 
kinase B (AKT), protein kinase C zeta (PKCz), and glucose transporter 4 (GLUT4), were detected by real-time 
PCR and Western blot analysis, GLUT4 translocation was observed by immunofluorescence staining, glycogen 
synthase kinase (GSK) was analyzed by Western blotting, and glucose uptake was measured by glucose oxi-
dase method (GOD).

 Results: The results demonstrated that Gln combined with insulin remarkably up-regulated PI3K and PDK1 and also in-
creased AKT and PKCz phosphorylation. The present study shows that Gln enhanced the impact of insulin on 
GLUT4 and its translocation. The results of glucose uptake and GSK phosphorylation further confirmed the hy-
poglycemic effect of Gln accompanied with insulin. The hypoglycemic effect of Gln was reversed by GPNA.

 Conclusions: These findings suggest that Gln enhances the hypoglycemic role of insulin through the PI3K/AKT/GLUT4 sig-
naling pathway and glycogen synthesis pathway.
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Background

Diabetes mellitus is characterized by chronic hyperglycemia re-
sulting from defects in insulin secretion or action [1]. Skeletal 
muscle is a major target of insulin in mediating glucose ho-
meostasis, but insulin resistance leads to a reduced ability 
of skeletal muscle to take up and utilize glucose [2]. Chronic 
DM induces skeletal muscle damage and atrophy via diabet-
ic neuropathy and the more direct effects of high glucose and 
low insulin on muscle cell metabolism [3], eventually reduc-
ing skeletal muscle mass and strength [4]. Therefore, it is cru-
cial to study how to increase skeletal muscle glucose uptake, 
thereby reducing loss of skeletal muscle.

Gln is considered a conditionally essential amino acid [5] and 
plays an important role in the intermediary metabolic path-
way [6]. As the precursor of peptides, proteins, neurotrans-
mitters, and nitrogenous bases, it is used to produce energy 
in various organs [7], and this amino acid also maintains cell 
proliferation, immune function, acid-base balance, and regu-
lation of gene expression [8]. Recent evidence suggests that 
DM is a chronic disease with a decreased blood level of Gln, 
and this alteration may contribute to disturbances of insulin 
secretion and action [9,10]. It was reported that Gln improved 
glucose tolerance, insulin sensitivity, or both in various set-
tings, including in experimental obese animals [11], adolescents 
with type 1 diabetes (T1D) [12], and in critically ill polytrauma 
patient [13]. The literature also shows that Gln supplementa-
tion prevents the development of diabetic cardiomyopathy in 
diabetic rats [11] and has a protective impact on nephropa-
thy induced by diabetes in experimental animals [14]. These 
previous reports suggest that Gln supplementation might be-
come a novel therapeutic to improve glycemic control in sub-
jects with DM [9]. It is expected that Gln might enhance the 
hypoglycemic effect of insulin on skeletal muscle, and the un-
derlying microscopic metabolic mechanisms of Gln combined 
with insulin to improve glucose uptake need to be investigated.

Insulin is a major factor in the maintenance of the skeletal muscle 
glucose uptake, and its hypoglycemic effect is achieved through 
the PI3K/AKT/GLUT4 signaling pathway [15]. Numerous studies 
have confirmed that the involvement of some insulin signaling 
molecules, such as PI3K, AKT, PDK1, PKCz, and GLUT4, are es-
sential in glucose uptake and metabolism [16,17]. PI3K is acti-
vated by insulin, which subsequently stimulates AKT, PDK1, and 
PKCz, in succession. The reaction of enzymatic cascade ampli-
fication ultimately leads to GLUT4 translocation, enhances glu-
cose uptake in skeletal muscle and adipose tissue, and eventu-
ally decreases blood glucose levels [18]. It is reported that Gln 
supplementation of the diabetic rats significantly increased AKT 
phosphorylation [19], which is crucial to the role of Gln in pro-
moting glucose uptake and attenuating diabetic muscle wast-
ing. However, it is not clear whether Gln enhances the glucose 

uptake ability of insulin on the skeletal muscle mass. Thus, we 
investigated the hypoglycemic effect of glutamine combined 
with insulin in L6 cells at high glucose levels. We also discuss 
whether the PI3K/AKT/GLUT4 signaling pathway and glycogen 
synthesis pathway mediate the role of Gln at high glucose levels.

Material and Methods

Cell culture and treatment

L6 cells of rats (Cell Resource Center, Peking Union Medical 
College) were cultivated in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco) with 10% fetal bovine serum (FBS, Biological 
Industries), 100 units/ml penicillin, and 100 mg/ml strepto-
mycin (HyClone Laboratories) at 37°C. Before stimulation with 
Gln and insulin, L6 cells were incubated in DMEM without FBS 
and Gln (Gibco) for 12 h. Cells were cultured at a high glucose 
concentration of 33 mmol/L in serum-free DMEM without Gln. 
Then, Gln (4 mmol/L, Gibco) or insulin (10–7 mmol/L, Sigma) 
was added to the DMEM. To determine the specific role of Gln 
in glucose intake, the cells were treated with the glutamine 
analogue, GPNA (0.5 mmol/L, Alfa Aesar), a competitive inhib-
itor of Gln uptake following the treatment of Gln.

Real-time PCR analysis

Total RNA was extracted from cells by using E.Z.N.A.™ HP Total 
RNA Kit (Omega Bio-tek), and the RNA concentration was quan-
tified by absorbance at 260 nm. The RNA was converted to cDNA 
using the First-Strand cDNA Synthesis Kit (Thermo). Quantitative 
real-time PCR was done on a Roche light cycler 96 using SYBR 
Green I master mix (Takara). All assays were normalized to GAPDH 
level. The specific PCR primers were synthesized by the Sangon 
Biotechnology Company, and the sequences are shown in Table 1.

Extraction of membrane protein

The extraction and isolation of membrane protein was per-
formed by use of the Membrane Protein Extraction Kit (Jiangsu 
Keygen Biotechnology). Briefly, L6 cells were collected and 
washed with cold phosphate-buffered solution (PBS, Solarbio). 
The sample was centrifuged (4°C, 3000 rpm, 5 min) to obtain 
the precipitate, which was then lysed with lysis buffer. Lysate 
was centrifuged (4°C, 3000 rpm, 10 min) and the acquired pre-
cipitate was resuspended in extracted buffer. Finally, mem-
brane protein was dissolved in supernatant for further analy-
sis by centrifuging (4°C, 12 000 rpm, 10 min).

Western blotting

The cells were washed with PBS and lysed by RIPA buffer 
(Solarbio). Protein concentration was measured by Pierce™ BCA 
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Protein Assay Kit (Thermo). The cell protein sample (25 μg/lane) 
was subjected to 10% sulfate-polyacrylamide gel electrophore-
sis and transferred to polyvinylidene fluoride (PVDF) membrane 
(Millipore) by wet transfer. The membrane was incubated in 
5% milk of TBS-Tween-20 (TBS-T) for 2 h at room temperature. 
Subsequently, the membrane was exposed to the desired pri-
mary antibodies of PI3K (Cell Signaling Technology, 1: 1000), 
PDK1 (Cell Signaling Technology, 1: 1000), AKT (Cell Signaling 
Technology, 1: 1000), P-AKT (Cell Signaling Technology, 1: 1000), 
PKCz (Santa Cruz Biotechnology, 1: 500), P-PKCz (Cell Signaling 
Technology, 1: 1000), GLUT4 (Abcam, 1: 2000), GSK3b (Cell 
Signaling Technology, 1: 1000), and P-GSK3b (Cell Signaling 
Technology, 1: 1000) at 4°C overnight and then incubated with 
secondary antibody anti-rabbit IgG-HRP or anti-mouse IgG-HRP 
(Zhongshan Biotechnology, 1: 5000) for 2 h at room temper-
ature. b-actin (Santa Cruz Biotechnology, 1: 2000), b-tubulin 
(Affinity Biosciences, 1: 1000), and ATP1A1 (Affinity Biosciences, 
1: 1000) were used as the control proteins. Membranes were 
washed with TBS-T between every step. After incubation with 
secondary antibody, the membrane was exposed to chemilu-
minescent reagent (ECL Plus, Solarbio) and image was cap-
tured using Image Quant RT-ECL equipment.

Immunofluorescence staining

The L6 cells were washed with PBS and fixed with 4% poly-
formaldehyde (Solarbio) at room temperature for 30 min. Then, 
cells were incubated with 0.5% Triton X-100 (Solarbio) for 5 
min, followed by three 5-min washes in PBS. Nonspecific pro-
tein binding was blocked by 1-h incubation with 1% bovine 
serum albumin. Afterwards, cells were incubated with primary 
antibody GLUT4 (1: 100) overnight at 4°C. The cells were then 
probed with Alexa Fluor 488 (Molecular Probes) conjugated sec-
ondary antibody (1: 200) for 1 h following three 5-min wash-
es in PBS. Finally, the cells were counterstained by Fluorescent 
Mounting Medium with 40,6-diamidino-2-phenylindole (DAPI, 
Zhongshan Bio-technology) for 20 min. Images were captured 
and analyzed by fluorescence microscopy.

Glucose uptake assay

The L6 cells were exposed to insulin or Gln for 24 h in phenol 
red-free, serum-free DMEM media with 33 mmol/L glucose. 
Then, supernatant was collected and centrifuged at 12 000 
rpm for 10 min. The residual glucose concentration in su-
pernatant was measured via Glucose Oxidase Method (GOD, 
Applygen Technologies) [20]. In other words, 5 uL supernatant 
and 195 uL working solution were mixed at 37°C for 20 min. 
Absorbance was measured using a Microplate Reader at 550 
nm wavelength. The glucose concentration is expressed as val-
ue (mmol/L)=(At–A0)/(Ac–A0)×C where At is absorbance of the 
sample; Ac is absorbance of the standard solution; and A0 is 
absorbance of distilled water and C is concentration of stan-
dard solution. The glucose uptake ratio was expressed using 
the following equation:

Statistical analysis

Data were collected from independent experiments, with 3 
replicates per experiment, and analyzed with one-way ANOVA 
with Bonferroni post hoc test or t test in GraphPad 5 (GraphPad 
Software). p<0.05 was considered statistically significant. Error 
bars represent standard error of the mean (SEM).

Results

Gln enhances the hypoglycemic effect of insulin in 
association with the up-regulated expression of PI3K

The PI3K/AKT/GLUT4 signaling pathway (Figure 1A) is a well-
described signaling cascade of intracellular phosphorylation 
reaction that regulates cell cell-cycle progression, metabo-
lism, proliferation, and survival [21]. Firstly, we investigated 
the PI3K expression of L6 cells and found that it was signifi-
cantly up-regulated by Gln or insulin at a high glucose level. 
Moreover, the combination Gln and insulin remarkably elevated 

Gene Forward (5-3’) Reverse (5-3’)

PI3K AGCAGGTACCCTGGTGATTG AGAAGGCACAGGTCCAGAGA

PDK1 TGTTCAAGAACGCAATGAGG ATATGGGCAATCCGTAACCA

AKT ACTCATTCCAGACCCACGAC CCGGTACACCACGTTCTTCT

PKCz CGCTGGGTGTCCTTATGTTT TGTGAGGCCTTGACAGACAG

GLUT4 GCTTCTGTTGCCCTTCTGTC TGGACGCTCTCTTTCCAACT

GAPDH AGACAGCCGCATCTTCTTGT CGTCCTCTACCATCCTCTGC

Table 1. Primers used for real-time PCR.

l
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the expression of PI3K (Figure 1B–1D), while PI3K expression 
was decreased under Gln-deprived condition and a similar ef-
fect was observed in L6 cells treated with GPNA.

Effect of Gln combined with insulin on PDK1/AKT/PKCz 
signaling pathway

In the present study, the PDK1 expression was obviously abat-
ed in depletion of Gln, while the effect was reversed with Gln 

or insulin supplementation. Importantly, the results also dem-
onstrated that PDK1 expression was stronger in the combined 
effect of Gln and insulin. However, the enhancement role of 
Gln was remarkably reversed by GPNA (Figures 2A, 3A, 3B). The 
meaningful influence of Gln or insulin on AKT and PKCz was to 
promote the protein phosphorylation (Figure 3A, 3C, 3D). There 
was no evidence that the mRNA (Figure 2B, 2C) and protein ex-
pressions (Figure 3A, 3C, 3D) of AKT and PKCz were changed 
by the Gln or insulin. This study demonstrated that exogenous 
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Figure 1.  The enhancement effect of Gln on the PI3K in the insulin signaling pathway. (A) The progression of the PI3K pathway. 
(B) Western blotting image of PI3K protein. (C) Quantification of mRNA expression of PI3K. (D) Quantification of protein 
expression of PI3K.
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Figure 2.  Effect of Gln and insulin on PDK1/AKT/PKCz signaling pathway at gene level. (A) Quantification of mRNA expression of PDK1. 
(B) Quantification of mRNA expression of AKT. (C) Quantification of mRNA expression of PKCz.
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Gln increased AKT and PKCz phosphorylation, while the effect 
of Gln on AKT and PKCz phosphorylation was more pronounced 
in the presence of insulin. The inhibitory effect of GPNA on 
AKT and PKCz phosphorylation is shown in Figure 3C and 3D.

Effect of Gln and insulin on the expression of GLUT4

To determine whether the hypoglycemic effect of Gln and in-
sulin was associated with regulation of GLUT4, we analyzed 
the mRNA and protein expression of GLUT4 in L6 cells by re-
al-time PCR, Western blotting, and immunofluorescence stain-
ing. The data showed a significant GLUT4 mRNA decrease of 
L6 cells when the Gln was not provided at a high glucose lev-
el, and we found the better effect of improvement of Gln than 
insulin on the GLUT4 mRNA expression (Figure 4A). The use 
of Gln combined with insulin at a high glucose level produced 
the best enhancement of GLUT4 mRNA expression (Figure 4A), 
but we found that GLUT4 mRNA expression was suppressed 
in L6 cells treated with GPNA. The results demonstrated that 

both total GLUT4 (T-GLUT4) protein and translocation GLUT4 
(M-GLUT4) protein in L6 cell membranes were down-regulat-
ed in the absence of Gln. The T-GLUT4 and M-GLUT4 protein 
expressions were noticeably up-regulated by Gln and insulin, 
while the role of insulin without Gln in promoting GLUT4 pro-
tein translocation to the cell membrane was even more pro-
nounced, concomitant with changes in the PI3K/AKT signaling 
pathway. Importantly, the use of Gln combined with insulin at 
a high glucose level produced the best enhancement of both 
T-GLUT4 and m-GLUT4 protein expression (Figure 4B–4D), but 
the enhancement effect was suppressed by GPNA. To determine 
if Gln plus insulin affects GLUT4 translocation, the distribution 
of GLUT4 in the membrane region of L6 cells was examined 
using immunofluorescent staining. The results showed that 
GLUT4 translocated from the cytosol to the cell periphery upon 
Gln administration, as well as insulin stimulation (Figure 5).
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Figure 3.  Effect of Gln and insulin on PDK1/AKT/PKCz signaling pathway at protein level. (A) Western blotting images of PDK1, P-AKT, 
AKT, P-PKCz, and PKCz. (B) Quantification of protein expression of PDK1. (C) Quantification of protein expression of P-AKT. 
(D) Quantification of protein expression of P-PKCz.
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Effect of Gln and insulin on glycogen synthesis pathway 
and glucose uptake

We showed there was no effect on GSK protein expression in 
the presence of glutamine and insulin (Figure 6A, 6B). However, 
the treatment without Gln and insulin led to a GSK phosphor-
ylation decrease, and the GSK phosphorylation was enhanced 
following Gln or insulin supplementation (Figure 6C). These re-
sults also suggest that Gln with insulin together worked best 
in GSK phosphorylation, but the enhancement effect was sup-
pressed by GPNA. The glucose uptake was higher after insulin 
intervention than after Gln. Further, the combination of Gln 
and insulin more significantly elevated glucose uptake com-
pared with Gln deficiency. However, their effect on glucose up-
take was reduced by GPNA (Figure 6D).

Discussion

It has been suggested that Gln improves glucose tolerance and 
insulin sensitivity [22], and has an acute glucose-lowering ef-
fect after exercise in adolescents with longstanding T1D [12]. 
Therefore, we investigated the hypoglycemic effect of Gln in L6 
cells at high glucose levels, showing that the underlying mech-
anism might be that Gln combined with insulin activates the 
signaling pathway of PI3K/AKT/GLUT4. Our results also sug-
gest that Gln combined with insulin enhances glycogen syn-
thesis and glucose uptake. Suppressing Gln uptake with GPNA 
had a similar inhibition effect on the PI3K/AKT/GLUT4 signal-
ing pathway, glycogen synthesis pathway, and glucose uptake, 
compared with Gln deficiency.

Gln is the most abundant free amino acid in the circulation [23] 
and pool in skeletal muscle [24]. Because Gln is a major carbon 
donor for gluconeogenesis [25] and glycogen synthesis [26], 
it contributes to the regulation of protein and energy homeo-
stasis [19]. However, a reduction of Gln was observed in the 
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Figure 4.  Effect of Gln and insulin on GLUT4 at gene and protein levels. (A) Quantification of mRNA expression of GLUT4. (B) Western 
blotting images of GLUT4 both in total and in cell membrane. (C) Quantification of protein expression of GLUT4 in total. 
(D) Quantification of protein expression of GLUT4 in cell membrane.
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plasma and skeletal muscle of diabetics [8,9]. It was report-
ed that the metabolic sequelae of increased liver gluconeo-
genesis and hyperglycemia caused skeletal muscle Gln reduc-
tion [27]. In the present study, we found that supplementary 
Gln could increase glucose uptake in L6 cells at high glucose 
levels, which was consistent with a rat study [28]. We also dis-
cussed the related mechanisms in the enhanced role of Gln 
in glucose uptake.

The PI3K/AKT signaling pathway plays an important role in 
the metabolic function of insulin, which regulates the ab-
sorption and metabolism of the glucose and glycogen synthe-
sis [29,30]. PI3K is an intracellular phosphatidyl inositol kinase 
and its primary effector in the downstream signaling network 
is AKT [31]. Insulin can activate phosphorylation of AKT via 
PI3K [32]. The up-regulated phosphorylation of AKT increased 
GLUT4 transmembrane to transport glucose, accelerating 

A

B

Figure 5.  Immunofluorescence images of GLUT4. (A) The expression of total GLUT4 in L6 cells was determined by immunofluorescence 
staining. The scale bar represents 50 μm. (B) The expression of GLUT4 in cytosol and on membrane was assessed by confocal 
microscopy. The scale bar represents 10 μm.
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Figure 6.  Effect of Gln and insulin on glycogen synthesis pathway and glucose uptake. (A) Western blotting images of GSK/P-GSK. 
(B) Quantification of protein expression of GSK. (C) Quantification of protein expression of P-GSK. (D) Effect of Gln and 
insulin on glucose uptake.

glycometabolism [33]. GLUT4 plays an explicit role in regulat-
ing glucose homeostasis through translocation and activation 
in skeletal muscle, triggered by the insulin-dependent PI3K/
AKT pathway [34]. In addition to insulin, the oral administra-
tion of supplemental Gln results in sufficient plasma and intra-
muscular concentrations of the amino acid to alter the activity 
and/or expression of the signaling molecules in the direction 
of increased protein synthesis and decreased catabolism [19]. 
Therefore, it is reasonable to assume that Gln combined with 
insulin alters the activity or expression of the signaling mol-
ecules of PI3K/AKT/GLUT4 in the direction of glucose uptake 
on L6 cells at high glucose levels.

The results suggest that Gln combined with insulin increased 
the expression of PI3K, PDK1, and GLUT4 in L6 cells at high 
glucose levels, and promoted AKT and PKCz phosphorylation 
along with GLUT4 translocation. Therefore, Gln combined with 
insulin could give help convey glucose from outside cells to 
inside cells, and resulted in a significant increase of glucose 
uptake. We also showed that Gln combined with insulin had 
a marked effect on making glucose in further metabolism by 

the glycogen synthesis pathway. The total GSK protein level 
was unaltered but phosphorylation of GSK was significant-
ly increased through Gln and insulin, suggesting that GSK 
was inhibited and the synthesis of glycogen was increased. 
Nevertheless, the defective GSK phosphorylation and ultimate-
ly the decreased glycogen synthesis might have a relationship 
with impaired PI3K/AKT activation, consistent with the data 
reported by Mangala et al. [35]. We found that GPNA, which is 
one of the Gln analogs suppressing Gln uptake [36], reversed 
the enhancement effect of Gln combined with insulin on glu-
cose uptake. The results suggest that GPNA decreased the ex-
pression of PI3K, PDK1, and GLUT4 in L6 cells, and inhibited 
AKT and PKCz phosphorylation, as well as GLUT4 translocation.

Recent research has revealed that the role of Gln in diabetes 
goes beyond traditional metabolic functions of amino acids. 
New discoveries of Gln function have been reported, including 
the role of enhanced endothelial progenitor cell mobilization 
in diabetic mice [37], differential effects in calcitonin gene-re-
lated peptide-ergic, nitrergic, and vasoactive intestinal poly-
peptide-ergic myenteric innervation in diabetic rats [38], as 
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well as the effect on adhesion molecule expression and oxi-
dative stress in mice with diabetes [39]. Similarly, our results 
show that Gln has a beneficial hypoglycemic effect on L6 cells 
through the PI3K/AKT/GLUT4 signaling pathway, and the hypo-
glycemic effect of insulin was enhanced in the presence of Gln.

Conclusions

Our study indicated that Gln and insulin increased glucose up-
take of L6 cells at high glucose levels, which might have result-
ed from the activation of the PI3K/AKT/GLUT4 signaling path-
way and glycogen synthesis pathway. Our findings suggest that 

supplementation with Gln helps insulin to reduce glucose lev-
els and is a novel and low-cost treatment for diabetes.
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