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Dysregulation of skeletal muscle metabolism influences
whole-body insulin sensitivity and glucose homeosta-
sis. We hypothesized that type 2 diabetes–associated
alterations in the plasma metabolome directly contrib-
ute to skeletal muscle immunometabolism and the sub-
sequent development of insulin resistance. To this end,
we analyzed the plasma and skeletal muscle metabolite
profile and identified glutamine as a key amino acid that
correlates inversely with BMI and insulin resistance
index (HOMA-IR) in men with normal glucose tolerance
or type 2 diabetes. Using an in vitro model of human
myotubes and an in vivo model of diet-induced obesity
and insulin resistance in male mice, we provide evi-
dence that glutamine levels directly influence the
inflammatory response of skeletal muscle and regulate
the expression of the adaptor protein GRB10, an inhibi-
tor of insulin signaling. Moreover, we demonstrate that a
systemic increase in glutamine levels in a mouse model
of obesity improves insulin sensitivity and restores glu-
cose homeostasis. We conclude that glutamine supple-
mentation may represent a potential therapeutic strategy
to prevent or delay the onset of insulin resistance in obe-
sity by reducing inflammatory markers and promoting
skeletalmuscle insulin sensitivity.

Type 2 diabetes is a chronic disease characterized by insu-
lin resistance and disturbed glucose homeostasis that cur-
rently affects >400 million people worldwide. Obesity is a

major risk factor for developing type 2 diabetes (1,2). Skel-
etal muscle accounts for the majority of insulin-stimulated
whole-body glucose disposal (3). Therefore, dysregulation
of skeletal muscle metabolism profoundly influences whole-
body insulin sensitivity and glucose homeostasis (3). While
the molecular links between obesity and type 2 diabetes
remain incompletely understood, chronic inflammation is
strongly correlated with the development of insulin resis-
tance (4). Nevertheless, the role of inflammation in modu-
lating skeletal muscle metabolism and whole-body insulin
sensitivity remains to be fully appreciated.

Obesity increases systemic and local inflammatory pro-
cesses, with an infiltration of immune cells, such as macro-
phages and T cells, into the peripheral tissues controlling
whole-body glucose homeostasis, including skeletal muscle
(5). This dynamic cross talk between immune and meta-
bolic processes is referred to as immunometabolism (6,7).
Alterations of metabolic pathways in immune or metabolic
cells can drive inflammatory responses that lead to the
production and release of cytokines, thereby exerting auto-
crine, paracrine, and/or endocrine effects on glucose and
energy homeostasis. In the context of overnutrition and
obesity, an overload of nutrients and metabolites directly
contributes to the low-grade inflammatory state associated
with these conditions (8). For example, several lipid species,
such as saturated fatty acids, ceramides or lipid-derived
eicosanoids, activate immune cells and induce inflamma-
tion in myocytes, thereby leading to insulin resistance
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(9,10). Furthermore, in obese insulin-resistant adipose tis-
sue, alterations in amino acid levels, in particular reduced
glutamine concentrations, are linked to increased glycoly-
sis and inflammation in adipocytes, resulting in dysregu-
lated immunometabolism (11). Thus, altered levels of
intercellular metabolites, including lipids and amino acids,
may influence peripheral insulin sensitivity in obesity and
type 2 diabetes.

Recent advances in metabolomic techniques have re-
vealed that elevated lactate and branched chain amino
acids (BCAAs), as well as an altered lipid composition,
constitute a plasma metabolomic signature of type 2 dia-
betes (12). Changes in metabolite levels, such as BCAAs,
reflect both dietary intake and disturbed catabolism in
various organs (13). However, few studies have character-
ized the metabolomic signature of both peripheral tissues
and plasma in individuals with normal glucose tolerance
(NGT) or type 2 diabetes. Alterations in plasma metabo-
lite levels in type 2 diabetes may affect the function of
peripheral tissues controlling glucose and energy homeo-
stasis through the modulation of the extracellular envi-
ronment. Both an excess or an insufficient amount of
metabolites can affect the cellular metabolic state, which
may in turn affect transcriptional activity via intermedi-
ate metabolites that constitute substrates or cosubstrates
for enzymes modifying chromatin and/or the activity of
transcriptional regulators (14). Through a comparative
analysis of the plasma and skeletal muscle metabolomic
signature of well-phenotyped subjects, specific metabolites
involved in the pathophysiological mechanism underlying
the development of type 2 diabetes can be identified.

We hypothesized that type 2 diabetes–associated alter-
ations in the plasma metabolome not only are biomarkers

of the disease, but also directly contribute to an altered
immunometabolic state in skeletal muscle and subsequent
development of insulin resistance. In this study, we iden-
tified glutamine as a key amino acid that is inversely
correlated with BMI and HOMA of insulin resistance
(HOMA-IR) index in men with NGT or type 2 diabetes.
Using an in vitro model of human myotubes and an
in vivo model of diet-induced obesity and insulin resis-
tance in male mice, we provide evidence that extracellular
glutamine levels can directly influence the inflammatory
response of skeletal muscle and regulate the expression of
the adaptor protein GRB10. Moreover, we demonstrate that
a systemic increase in glutamine levels improves peripheral
insulin sensitivity and restores glucose homeostasis.

RESEARCH DESIGN AND METHODS

Participants
The study was approved by the regional ethics committee
of Stockholm, Sweden, and conducted according to the Dec-
laration of Helsinki. Informed written consent was obtained
from each participant. Male volunteers with type 2 diabetes
or NGT were matched for age and BMI (exclusion criteria
and study design are presented in Supplementary Fig. 1).
Clinical characteristics of the participants are presented in
Table 1. The groups are subsets of a larger study designed to
characterize the plasma and skeletal muscle metabolome in
men with NGT or type 2 diabetes (15). Plasma and vastus
lateralis skeletal muscle biopsies were collected after an over-
night fast. Daily oral glucose-lowering medications were
taken after the collection of skeletal muscle and plasma sam-
ples to reduce direct drug-related effects. However, longer
effects of the medication on the metabolome may persist.

Table 1—Clinical characteristics of the study participants

Clinical parameter

Lean Overweight Effect, P

NGT T2D NGT T2D Overweight T2D

N of participants 7 6 7 13 — —

Age, years 57.3 ± 9.5 65.3 ± 2.7 61.4 ± 10.2 63.6 ± 6.1 0.721 0.097

BMI, kg/m2 24.1 ± 0.58 24.6 ± 0.36 27.2 ± 1.65 27.6 ± 1.2 <0.001*** 0.321

W/H ratio 0.91 ± 0.04 0.98 ± 0.06 0.94 ± 0.05 0.99 ± 0.06 0.296 0.007**

FPG, mmol/L 5.27 ± 0.4 8.42 ± 2.28 5.36 ± 0.32 8.77 ± 1.76 0.679 <0.001***

Serum insulin, pmol/L 40.1 ± 15.4 44.2 ± 17 64.8 ± 17.8 85.9 ± 37.5 0.002** 0.193

HbA1c, mmol/mol 34 ± 5.32 51 ± 6.13 38.1 ± 2.54 51.9 ± 6.42 0.241 <0.001***

HOMA-IR 1.61 ± 0.5 3.03 ± 1.48 2.27 ± 0.73 5.51 ± 2.92 0.033* 0.002**

Serum C-peptide, nmol/L 0.59 ± 0.12 0.69 ± 0.15 0.72 ± 0.131 0.99 ± 0.40 0.035* 0.057

Plasma TGs, mmol/L 0.89 ± 0.33 1.19 ± 0.44 1.21 ± 0.71 1.47 ± 0.78 0.212 0.240

Plasma cholesterol, mmol/L 4.94 ± 0.53 4.35 ± 0.85 5.56 ± 0.67 4.65 ± 0.76 0.099 0.005**

Plasma HDL, mmol/L 1.24 ± 0.13 1.42 ± 0.21 1.36 ± 0.26 1.21 ± 0.312 0.523 0.869

Plasma LDL, mmol/L 3.3 ± 0.54 2.43 ± 0.76 3.67 ± 0.44 2.77 ± 0.83 0.174 0.001**

Data are presented as mean ± SEM. Overweight was defined as BMI $25 kg/m2. Effect of BMI (overweight) and type 2 diabetes
(T2D) was measured by two-way ANOVA. No interactions were significant for the parameters shown. FPG, fasting plasma glucose;
TG, triglyceride; W/H, waist to hip. *P < 0.05. **P < 0.01. ***P < 0.001.
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Untargeted metabolomic analysis was performed by Metabo-
lon, Inc. (Durham, NC). Microarray analysis was performed
on total RNA and hybridized to Affymetrix GeneChip
Human Transcriptome Array 2.0 or mouse Clariom D
(Thermo Fisher Scientific, MA).

Animal Experiments
C57BL/6J male mice were purchased from Charles River
Laboratories (Sulzfeld, Germany). Experimental procedures
were approved by the Stockholm North Animal Ethical Com-
mittee (Stockholm, Sweden). At 6–8 weeks of age, mice were
fed either a standard chow diet (4% kcal from fat) (R34;
Lantm€annen) or a 60% fat diet (Research Diet, New Bruns-
wick, NJ). Three separate experiments were performed with
mice fed a high-fat diet (HFD) for either 17 (experiments 1
and 2) or 15 weeks (experiment 3). Prior to euthanasia,
mice received daily intraperitoneal injection of glutamine (1
g/kg body wt) or PBS (20 mL/kg body wt) for 14 days. To
assess body composition (experiment 1), total lean and fat
masses were determined in conscious mice using the
EchoMRI-100 system (Echo Medical Systems). At day 15,
blood glucose was measured after 4 h of fasting (One Touch
Ultra 2 Glucose Meter; LifeScan), and animals were then
euthanized under general anesthesia. Plasma insulin levels
were quantified using the Ultra-Sensitive Mouse Insulin
ELISA Kit (Crystal Chem). To assess insulin tolerance (exper-
iment 2), mice were fasted for 4 h, and 0.75 IU/kg body wt
of insulin was injected intravenously, and the rate of glucose
disappearance between 0 and 15 min was measured as
described (16). To assess glucose tolerance (experiment 3),
mice were fasted for 4 h, and glycemia was monitored dur-
ing 150 min after intraperitoneal injection of 1.5 g/kg body
wt of glucose.

Cell Culture Experiments
Primary cells were isolated from vastus lateralis skeletal
muscle biopsies derived from healthy volunteers as described
(17). For the high/low glutamine experiment, DMEM gluta-
mine-free medium was used and supplemented to 0.5 or 10
mmol/L final concentration (glutamine; Life Technologies)
during the 8-day differentiation period or after differentia-
tion for 48 h. BPTES, a glutaminase 1 inhibitor, was pur-
chased from Sigma-Aldrich (SML0601) and added to the cell
medium at a concentration of 10 mmol/L for 24 h. For the
silencing experiments, differentiated cells were transfected
with 10 nmol/L of either Ambion Silencer Select Negative
Control #2 (cat. no. 4390847) or an siRNA against GRB10
(Ambion Silencer Select siRNA s6125; Life Technologies).
Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich
(L2630) and added to the cell medium at a concentration of
100 ng/mL for 24 h.

Insulin Signaling and Western Blot Analysis
Extensor digitorum longus (EDL) (experiment 1) and soleus
(experiment 3) muscles were incubated with Krebs-Henseleit
buffer under continuous gassing (95% oxygen/5% carbon

dioxide) at 30�C in the absence (basal) or presence of
a submaximal concentration (0.36 nmol/L) of insulin
(Actrapid; Novo Nordisk) for 20 min. Western blot
analysis was performed as described (18). The primary
antibodies used were anti-GRB10 (C-11) (Santa Cruz Bio-
technology), anti–phosphorylated AS160 Thr642 (cat. no.
8881; Cell Signaling Technology), anti–phosphorylated
AKT Thr308 (cat. no. 4056; Cell Signaling Technology),
and anti–phosphorylated AKT Ser473 (cat. no. 9270; Cell
Signaling Technology).

Statistical Analysis
Analyses were performed using either R 3.5.2 or Graph-
Pad Prism 8.1 software (GraphPad Software, Inc.). The
statistical tests used are indicated in the figure legends.

Data and Resource Availability
The data sets generated and analyzed during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Plasma Glutamine Levels Are Associated With BMI and
HOMA-IR
We performed a metabolomic analysis of plasma and
vastus lateralis skeletal muscle biopsies from a cohort of
14 men with NGT and 19 men with type 2 diabetes, sepa-
rated into lean and overweight subgroups based on
BMI. Anthropometric and clinical parameters are shown
in Table 1. Plasma metabolites were correlated with
BMI, HOMA-IR, and waist-to-hip ratio (Fig. 1A–B and
Supplementary Fig. 1B–C). Of these, monosaccharides,
including glucose and mannose, were the metabolites
most strongly associated positively with the clinical
parameters (Fig. 1A–B). The amino acids glutamine and
glutamate were also correlated with BMI and HOMA-IR
index (glutamine: r = �0.42; P = 0.015 for both BMI and
HOMA-IR) (glutamate: r = 0.54; P = 0.0001 and r = 0.62;
P = 0.001, respectively, for BMI and HOMA-IR), with glu-
tamine and glutamate showing an inverse correlation
(Fig. 1A–B). The BCAA isoleucine, which has previously
been identified as biomarker of type 2 diabetes (19),
increased in parallel with HOMA-IR and BMI. In skeletal
muscle, the BCAAs isoleucine and leucine displayed a posi-
tive association with BMI and HOMA-IR, while glutamine
was negatively associated with HOMA-IR (r = �0.38;
P = 0.03) (Fig. 1C–D). When comparing the plasma
metabolome between men with NGT or type 2 diabetes,
we found a trend for decreased glutamine in type 2 diabe-
tes, while the glutamate level was significantly increased
(Supplementary Fig. 1D–K). To further dissect the rela-
tionship between plasma glutamine/glutamate levels and
glucose metabolism independently of adiposity, the par-
ticipants were stratified based on BMI, revealing that
glutamine and glutamate levels were selectively altered in
overweight men with type 2 diabetes (Fig. 1E–F). This
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relationship was not recapitulated in lean participants
with type 2 diabetes, suggesting that modulation of
plasma glutamine/glutamate levels was not a marker of
glucose dysregulation or overweight per se, but rather a
reflection of the differences in combined adiposity and
insulin resistance between the groups.

In skeletal muscle, glutamine and glutamate content
was not statistically altered in overweight men or men
with type 2 diabetes (Fig. 1G–H). No differences in the
gene expression of the enzymes responsible for glutamine
synthesis (encoded by GLUL) or hydrolysis (encoded by

GLS) (Supplementary Fig. 2B–C) were noted. Nevertheless,
skeletal muscle glutamine, but not glutamate, was corre-
lated with its respective plasma concentration (Fig. 1I),
suggesting a direct link between plasma and intramuscular
glutamine concentration. Plasma and skeletal muscle
glutamine levels had similar associations with indices of
glucose metabolism, including fasting insulin and glucose,
C-peptide, and HOMA-IR (Supplementary Fig. 2A). Accord-
ingly, participants with the highest plasma glutamine level
(quartile 4) displayed lower BMI and HOMA-IR, while lower
plasma glutamine level (Q3–Q1) was progressively

Figure 1—Plasma glutamine levels are associated with BMI and HOMA-IR. A–D: Volcano plots of metabolites in plasma and skeletal mus-
cle correlating with BMI and HOMA-IR. Spearman correlation and Kruskal-Wallis comparison across groups. Blue color indicates signifi-
cance at P < 0.05. E–F: Plasma glutamine and glutamate levels. Kruskal-Wallis test with Dunn multiple comparison test. G–H: Skeletal
muscle glutamine and glutamate levels. Kruskal-Wallis test. I: Spearman correlation of glutamine and glutamate in plasma and skeletal
muscle. J: BMI of individuals ranked based on plasma glutamine quartiles (Qs). Ordinary one-way ANOVA with uncorrected Fisher least
significant difference comparison. K: HOMA-IR of individuals ranked based on plasma glutamine Qs. Kruskal-Wallis test with uncorrected
Dunn test. n = 9, 8, 8, and 7 per Q, respectively. a.u., arbitrary unit; ns, not significant; Owe, overweight; T2D, type 2 diabetes.
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associated with increased BMI and HOMA-IR (Fig. 1J–K).
Based on these associations, we hypothesized that high
plasma glutamine levels may be protective with respect to
obesity-induced insulin resistance.

Glutamine Administration Improves Glucose
Homeostasis in HFD-Fed Mice
To assess whether increased glutamine levels could reverse
or ameliorate the development of obesity-induced meta-
bolic disturbances, three independent groups of C57BL/6J
mice were fed an HFD for 15–17 weeks (experiments
1–3). During the last 14 days of the diet, the mice were
injected daily intraperitoneally with either PBS or
1 g/kg glutamine. Chow-fed mice injected with PBS were
used as controls for the effects of the HFD (Fig. 2A). Sev-
enteen weeks of HFD led to the development of obesity,
with increased body weight, fat mass percentage, and fast-
ing glycemia (Fig. 2B–D). Glutamine administration did
not alter body weight or fat mass percentage in the HFD-
fed mice (Fig. 2B–C). Despite this, 14-day glutamine
administration reversed the fasting hyperglycemia in
HFD-fed mice (P < 0.05) (Fig. 2D). This reduction of
hyperglycemia was accompanied by a reduction in the
fasting insulin level and HOMA-IR as compared with PBS-
treated HFD-fed mice (Fig. 2E–F). In a separate experi-
ment (experiment 3) of mice fed an HFD for 15 weeks,
glucose tolerance was improved in glutamine-treated ver-
sus PBS-treated mice (Fig. 2G–H). Furthermore, insulin
sensitivity (experiment 2) was improved, as indicated by
the increased plasma glucose disappearance rate after an
intravenous insulin injection (Fig. 2I–J). Given that skele-
tal muscle is a major insulin-sensitive organ, we assessed
insulin signaling in isolated glycolytic EDL and oxidative
soleus muscles. Submaximal insulin-stimulated (0.36
nmol/L) phosphorylation of AKT at Ser473 was decreased
in EDL muscle of HFD-fed mice as compared with control
chow-fed mice, and glutamine administration tended to
lessen this HFD-induced insulin signaling impairment
(Fig. 2K). Phosphorylation of AKT at Thr308 showed a sim-
ilar pattern (Fig. 2L). As a proxy for AKT activity, we
determined phosphorylation of AS160, a direct AKT sub-
strate that plays a role in GLUT4 translocation (20). Insu-
lin-stimulated phosphorylation of AS160 was increased in
EDL muscle of glutamine-treated HFD-fed mice as com-
pared with chow-fed or PBS-treated HFD-fed mice (P = 0.02
and P = 0.006, respectively) (Fig. 2M), indicating that
glutamine treatment increased EDL muscle AKT activity.
Conversely, glutamine did not affect insulin-stimulated
AKT or AS160 phosphorylation in soleus muscle
(Supplementary Fig. 3A–D), suggesting a fiber-type differ-
ence in the response to glutamine treatment.

Glutamine Suppresses Gene Transcripts Annotated to
Inflammation-Related Pathways
To further decipher the molecular mechanisms by which
glutamine administration affects the skeletal muscle pro-
file, we performed a transcriptomic analysis on mouse

quadriceps skeletal muscle. Microarray analysis showed
that HFD altered the skeletal muscle transcriptome in
PBS- or glutamine-treated mice as compared with chow-
fed mice, with 1,300 and 1,290 genes altered, respectively,
between treatments (false discovery rate <0.2) (Fig. 3A–B).
Fifty-one genes were differentially regulated between PBS-
and glutamine-treated HFD-fed mouse skeletal muscle,
with most of the transcripts decreased in response to glu-
tamine (Fig. 3C–D). Moreover, genes altered by the gluta-
mine treatment (false discovery rate <0.2; HFD plus
glutamine versus HFD plus PBS) displayed a negative cor-
relation with their fold change in response to an HFD
(HFD plus PBS versus chow plus PBS), suggesting that glu-
tamine treatment reversed the HFD-induced upregulation
of gene expression (Fig. 3F). Interestingly, a pathway
enrichment analysis revealed that glutamine treatment
decreased mRNA expression of genes annotated to path-
ways linked to the regulation of inflammation and extracel-
lular matrix organization as compared with PBS-treated
HFD-fed and chow-fed conditions (Fig. 3E). Accordingly,
gene expression analysis by quantitative PCR showed
that expression of the inflammatory chemokine Ccl2 was
decreased in mice receiving glutamine treatment as com-
pared with PBS-treated HFD-fed mice, and Tnf (tumor
necrosis factor a) and Cxcl1 followed a similar pattern.
Gene-encoding macrophage surface markers such as Cd68,
Adgre1 (F4/80) , and Itgax (CD11c) were decreased in glu-
tamine-treated HFD-fed mice and were not significantly
different from those in chow-fed mice (Fig. 3G). Collec-
tively, our results provide evidence to suggest that the
beneficial effects of glutamine on skeletal muscle metabo-
lism may be conferred by downregulating inflammation
and immune cell infiltration.

Skeletal Muscle Expression of the Adaptor Protein
GRB10 Is Associated With Plasma Glutamine Levels
We next compared genes altered by glutamine administra-
tion in HFD-fed mice (P < 0.05) with the genes altered in
skeletal muscle of humans with high or low plasma gluta-
mine levels (P < 0.05) and identified a small subset of
genes responding similarly in both species (Fig. 4A and
Supplementary Table 1). Among this subset, we focused
on GRB10, a gene encoding an adaptor protein that inter-
acts with the insulin receptor, for its role in the develop-
ment of insulin resistance in adipocytes and myotubes
(21). Human GRB10 expression was lower in skeletal
muscle of individuals with higher plasma glutamine levels
and inversely correlated with plasma glutamine levels
(Fig. 4B–C). The same pattern was noted in mouse mod-
els, where Grb10 gene expression was increased in quadri-
ceps of PBS-treated HFD-fed mice and was decreased
after glutamine administration (Fig. 4D). Grb10 protein
content followed a similar profile (Fig. 4E). Grb10 expres-
sion was also significantly correlated with HOMA-IR in
mouse models, with a similar relationship observed in
humans (Fig. 4F). Gene silencing of GRB10 in cultured
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Figure 2—Glutamine (GLN) administration improves glucose homeostasis in HFD-fed mice. A: Experimental plan. B: Final body weight
(day 15) expressed in grams. C: Total body fat percentage measured by magnetic resonance imaging. D–F: Glycemia (D), plasma insulin
level (E), and calculated HOMA-IR (F) after 4-h fasting (n = 6, 8, and 8, respectively). Statistical difference was determined using one-way
ANOVA or Kruskal-Wallis. G–H: Glucose tolerance test (G) and 1500 area under the curve (AUC) (H) (n = 8, 12, and 12, respectively). I–J:
Insulin tolerance test (I) and glucose disappearance rate (KITT) (J) (n = 8, 9, and 9, respectively). For both tests, statistical differences were
determined using two-way ANOVA and unpaired t test between the HFD groups. ¤, group effect; #, time effect. Dashed lines represent the
chow-fed PBS-treated group response. K–M: Akt phosphorylation (P-AKT) (K–L) and AS160 phosphorylation (P-AS160) (M) in lysates of
EDL skeletal muscle incubated in the absence or presence of a submaximal dose of insulin (0.36 nmol/L) for 20 min. Data are mean ± SEM
in panelsG–I. *P < 0.05, **P < 0.01, ***P< 0.001. Statistical effect was measured using two-way ANOVA in panels K–M. $, insulin effect;
&, interaction effect; ¤, group effect; AU, arbitrary unit.
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human skeletal muscle cells increased insulin-stimulated
glucose uptake, as well as insulin-stimulated AKT phos-
phorylation (21), suggesting that the reduction in GRB10
protein may have partly accounted for the enhanced insu-
lin signaling in glutamine-treated HFD-fed mice. Because

the gene ontology analysis revealed that the glutamine
effect was primarily related to pathways controlling
inflammation, we treated skeletal muscle cells with
LPS for 24 h to determine whether there is an associa-
tion between inflammation and GRB10 expression. As

Figure 3—Glutamine (GLN) suppresses gene transcripts annotated to inflammation-related pathways. A–C: Changes in gene expression
between HFD (HF)–fed PBS-treated and chow diet (CD)–fed PBS-treated (A), HFD-fed GLN-treated and CD-fed PBS-treated (B), and HFD-fed
GLN-treated and HFD-fed PBS-treated (C) conditions are represented in volcano plots. Colored dots represent genes significantly altered
between conditions (false discovery rate [FDR]<0.2). D: Significantly regulated genes (FDR<0.2) overlapped in a Venn diagram. E: Gene ontol-
ogy analysis performed based on genes with FDR<0.2 showing downregulated and upregulated pathways between conditions. F: Spearman
correlation between the logarithm of fold change (logFC) of the genes altered between HFD-fed GLN-treated and HFD-fed PBS-treated condi-
tions GLN y-axis) and logFC between HFD-fed PBS-treated and CD-fed PBS-treated conditions (HFD x-axis). G: Gene expression analysis of
cytokine and immune cell markers in quadriceps muscle as measured by quantitative PCR. Data are mean ± SEM. *P< 0.05, **P< 0.01. Sta-
tistical effect was measured using one-way ANOVA or Kruskal-Wallis for panel G. n = 8 mice per group. MAPK, mitogen-activated protein
kinase.
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expected, LPS induced a strong increase in interleukin-6
(IL-6) and CCL2 expression; however, GRB10 mRNA was
unchanged (Fig. 4G–I). Furthermore, GRB10 silencing
(Supplementary Fig. 3E) did not affect the LPS-induced
upregulation of IL-6 or CCL2 expression (Fig. 4J–K), sug-
gesting these transcriptional events are regulated in an
independent manner in response to glutamine.

Glutamine Metabolism by Glutaminase Regulates IL-6
and GRB10 Transcription in Myotubes
To decipher the molecular mechanism by which glutamine
regulates the skeletal muscle transcriptional profile and

exerts a beneficial effect on metabolism, we differentiated
primary human skeletal muscle cells during 8 days in
presence of 0.5 (low) or 10 mmol/L (high) glutamine (Fig.
5A). Gene expression and secretion of the inflammatory
cytokines IL-6 and CCL2 were decreased in myotubes
exposed to high glutamine (Fig. 5B–C and Supplementary
Fig. 3F–G), indicating that glutamine directly affects the
expression of inflammatory cytokines in skeletal muscle.
In myotubes, glutamine can be used as a substrate for
several cellular pathways, including the hexosamine path-
way, the TCA cycle, and the glutathione system. Modula-
tion of these metabolic pathways can ultimately regulate

Figure 4—Skeletal muscle expression of the adaptor protein GRB10 is associated with plasma glutamine (GLN) levels. A: Correlation
between the subset of genes altered between both skeletal muscle of participants with high glutamine (quartile 4 [Q4]) versus low GLN
(Q1) and skeletal muscle of GLN-treated versus PBS-treated HFD-fed mice (P < 0.05). B: Correlation between plasma GLN level and
human skeletal muscle expression of GRB10 (n = 27). C: GRB10 expression level measured by gene array in human skeletal muscle per Q
of plasma GLN concentration. D–E: mRNA (D) and protein level (E) of GRB10 in quadriceps of mice; Kruskal-Wallis test with Dunn multiple
comparison test (n = 8). F: Spearman correlation between GRB10 gene expression and HOMA-IR in mice and humans. G–I: CCL2 (G), IL-6
(H), and GRB10 (I) mRNA levels in skeletal muscle cells after 24-h treatment with 100 ng/mL LPS. J–K: CCL2 (J) and IL-6 (K) mRNA levels
in response to LPS after transfection with scramble siRNA (scr) or siRNA targeting GRB10 (siGRB10). The dashed line represents the
expression in scr control (ctl) condition. Paired Student t test. n = 5. **P < 0.01. a.u., arbitrary unit; logFC, logarithm of fold change.
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transcription factor activity (22). To identify potential
pathways by which glutamine modulates gene expression,
we incubated myotubes with an inhibitor of glutaminase
1 activity, BPTES. BPTES inhibits the conversion of gluta-
mine to glutamate, which is the precursor for glutaminol-
ysis and glutathione synthesis (Fig. 5D). A 24-h BPTES
exposure increased the expression of IL-6, but not CCL2
(Fig. 5E–F). GRB10 expression was decreased in response

to high glutamine exposure (P = 0.03) and upregulated
after BPTES treatment (Fig. 5G). Presumably, increased
glutamine integration into glutathione could affect the
cellular oxidative stress status and therefore the regula-
tion of inflammatory cytokines. Therefore, we measured
the expression of the antioxidant enzyme glutathione per-
oxidase 1 (GPX1) and of the transcription factor nuclear
factor erythroid 2–related factor 2 (NRF2), which is

Figure 5—Glutamine (GLN) metabolism by glutaminase (GLS) regulates IL-6 and GRB10 transcription in myotubes. A–C: Skeletal muscle
cells were differentiated during 8 days in myotubes in low (0.5 mmol/L) or high (10 mmol/L) concentration of glutamine (A), and IL-6 (B) and
CCL2 (C) mRNA levels were measured (n = 6). D: BPTES is an inhibitor of GLS1 that converts GLN to glutamate. E–H: BPTES was added
for 24 h, and IL-6 (E), CCL2 (F), GRB10 (G), and NRF2 (H) mRNA levels were measured (n = 7). Statistical effect was measured using paired
Student t test or Wilcoxon test. *P < 0.05, **P < 0.01 for difference between BPTES treated and untreated. ¤P < 0.05, ¤¤P < 0.01, ¤¤¤P
< 0.001 for difference between high and low GLN conditions (indicated by dashed line). I: Graphical abstract.
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activated in response to oxidative stress and regulates the
expression of cytoprotective genes. NRF2 mRNA levels
showed a trend toward decreasing in response to high
glutamine (P = 0.07) and increased after BPTES treat-
ment, while GPX1 showed an opposite pattern (Fig. 5H
and Supplementary Fig. 3H). Similarly, in differentiated
myotubes exposed to a high glutamine medium for 48 h,
we found decreased CCL2 expression, a trend toward
reduced GRB10 expression, and unchanged IL-6 expres-
sion (Supplementary Fig. 3I–L). Collectively, our results
suggest that modulation of extracellular glutamine levels
regulates GRB10 expression and inflammation in myo-
tubes. Moreover, the effect of glutamine on transcrip-
tional activity is partly mediated through glutamine
metabolism by glutaminase and its role as a substrate in
intermediary metabolism.

DISCUSSION

We provide evidence that plasma glutamine levels are
associated with insulin resistance and BMI in men. More-
over, glutamine administration directly improved HFD-
induced impairments in glucose homeostasis in a mouse
model. Our data suggest that the beneficial effect of
glutamine treatment is mediated through modulation of
the skeletal muscle immunometabolic profile, leading to
decreased inflammation and improved insulin sensitivity
(Fig. 5I). Comparative analysis of the skeletal muscle tran-
scriptomic profile in humans and mouse models identified
that GRB10, an adaptor protein involved in insulin signal-
ing, is associated with glutamine levels and insulin sensi-
tivity. These glutamine-dependent changes in inflammatory
cytokines and GRB10 expression require glutamine metabo-
lism by glutaminase, the first enzyme in glutaminolysis.

Analysis of paired samples of plasma and vastus latera-
lis skeletal muscle from men with either NGT or type 2
diabetes allowed us to compare circulating and skeletal
muscle metabolomic signatures of the same individual.
With this comparative analysis, we previously identified
changes in plasma amino acids (15) and now revealed
that low glutamine levels and high glutamate levels are
associated with BMI and HOMA-IR. This is consistent
with evidence that a high glutamine-to-glutamate ratio
was associated with reduced risk of incident type 2 diabe-
tes in a large-scale population cohort (23) and insulin sen-
sitivity in obese patients (11). Of note, plasma glutamine
levels were unaltered in the lean men with type 2 diabe-
tes, possibly indicating that glutamine levels are impli-
cated in the development of peripheral insulin resistance,
whereas impaired glucose homeostasis in lean individuals
with type 2 diabetes is often associated with defective
insulin secretion (24,25). We found that plasma gluta-
mine, but not glutamate, correlated with skeletal muscle
levels, in line with previous reports showing that skeletal
muscle is the major contributor to circulating glutamine
levels (26). Thus, glutamine availability may be of

importance in the pathogenesis of obesity-related type
2 diabetes.

Glutamine supplementation is beneficial for diseases
associated with a hypercatabolic state, such as critical ill-
ness or sepsis (27). Glutamine administration is also
beneficial during high-intensity exercise, where oxidative
stress and transient inflammation occur, through increased
levels of the antioxidant glutathione and an inhibition of
the proinflammatory nuclear factor-kB pathway (28). In
metabolic diseases, oral glutamine supplementation indu-
ces weight loss and improves glucose metabolism in rodent
models of HFD-induced obesity (23,29,30) and in obese
humans (31,32). However, glutamine is primarily metabo-
lized by the intestine when administrated orally (27), and
part of its beneficial effect may be mediated through
changes in the microbiome (33) and/or incretin release. In
contrast, parenteral glutamine administration increases cir-
culatory glutamine and glutamine availability for peripheral
organs, such as skeletal muscle (27,34). In the current
study, 2-week glutamine treatment in HFD-fed mice
improved glucose tolerance and insulin sensitivity, con-
comitant with enhanced EDL muscle insulin signaling and
increased AKT activity. The insulin-sensitizing effect of
glutamine appears to be lower in oxidative soleus muscle,
which may be due to an intrinsic fiber-type difference in
insulin signaling or metabolism (35). Other organs, such as
adipose tissue, could also contribute to the glutamine-asso-
ciated improvements in whole-body glucose homeostasis.
Conversely, glutamine administration did not affect body
weight or body fat composition, suggesting that the
improvements in insulin sensitivity are independent of
adipose tissue loss. Using a shorter HFD exposure, we
showed that a similar 2-week glutamine treatment proto-
col resulted in an attenuation of fat mass gain as compared
with the HFD-fed control group, with reductions in adipo-
cyte size, decreased immune cell infiltration, and improved
glucose metabolism (11). In the current study, the 2-week
glutamine treatment was initiated after a longer period
(15 weeks) of HFD in severely obese mice. Therefore, we
cannot exclude the possibility that longer glutamine treat-
ment or earlier intervention would have a more beneficial
effect on adiposity and prevent obesity (11,29).

Low-grade inflammation during the early stages of obe-
sity may be triggered by nutrient overload and metabolic
dysfunction and thereby cause peripheral insulin resis-
tance (5). We report that glutamine treatment improved
the skeletal muscle expression profile of genes related to
inflammatory responses as compared with HFD-fed mice,
with decreased expression of the cytokine Tnf and the
chemokine Ccl2. Accordingly, the expression of the mono-
cyte marker Cd68 and the M1 macrophage marker Cd11c
were lower in glutamine-treated HFD-fed mice, suggesting
a diminution in macrophage infiltration and/or activation
in response to glutamine (36). In parallel, we show that
glutamine treatment can directly regulate the expression
and secretion of the cytokines IL-6 and CCL2 in human
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myotubes. Interestingly, inhibition of glutaminase activity
by BPTES profoundly increased IL-6 expression in myo-
tubes, suggesting that glutamine catabolism is important
for its anti-inflammatory effect. Glutamine conversion by
glutaminase generates glutamate, which can undergo
metabolism in the TCA cycle (glutaminolysis) or be used
as a precursor for the synthesis of glutathione, an antioxi-
dant. Thus, the modulation of NRF2 expression in
response to glutamine suggests that lower oxidative stress
levels may account for the decrease in cytokine expression
in a high-glutamine condition. Conversely, CCL2 expression,
despite significant downregulation after a 48-h exposure of
cultured cells to high glutamine, was not increased after
inhibition of glutaminase activity. This suggests a differen-
tial temporal and mechanistic glutamine-dependent regula-
tion of IL-6 and CCL2 expression in myocytes, consistent
with an earlier report on isolated adipocytes, where IL-6,
but not CCL2, was regulated by glutamine-induced O-
GlcNAcylation (11). Collectively, our data indicate that
increased glutamine availability may modulate cytokine
secretion by myotubes and thereby reduce immune cell
recruitment or proinflammatory activity. Of clinical rele-
vance, dietary glutamine supplementation may potentially
delay the onset of insulin resistance by modulating skele-
tal muscle metabolism toward an anti-inflammatory
phenotype.

Glutamine levels can influence the inflammatory response
of skeletal muscle and regulate the expression of multiple
transcripts. In the current study, a limited number of tran-
scripts were similarly altered in skeletal muscle following
stratification by glutamine exposure in humans and mice.
This could reflect both the cohort size and interspecies dif-
ferences in muscle transcriptome (37,38). Therefore, the
identified genes are likely glutamine-responsive genes that
are conserved across species. Interestingly, we noted that
GRB10, an adaptor protein that interacts with tyrosine
kinase receptors, was downregulated in skeletal muscle of
both humans and mice in conjunction with elevated gluta-
mine levels. Furthermore, Grb10 mRNA was correlated
with HOMA-IR in mice, with a similar profile observed in
humans. A genome-wide association study identified an
association between the GRB10 locus and type 2 diabetes in
an Amish population (39). Of functional relevance, disrup-
tion of GRB10 in peripheral tissues improves insulin
sensitivity in skeletal muscle and adipose tissue (40–42).
Moreover, downregulation of GRB10 mRNA in human skele-
tal muscle cells increases insulin-induced PI3K/AKT signaling
and glucose uptake (21), which is consistent with the
increased AKT activity detected in the EDL muscle of gluta-
mine-treated HFD-fed mice. GRB10 can also be upregulated
by mTORC1 activation (43). In our study, LPS treatment of
primary human myotubes, which activates the mTORC
pathway (44), did not increase GRB10, suggesting that a dif-
ferent mechanism is involved. In skeletal muscle cells, high-
glutamine treatment downregulated GRB10 expression, and
BPTES inhibition of glutaminase 1 increased GRB10 levels,

indicating that GRB10 expression is regulated through
glutamine metabolism by glutaminase. Thus, transcription
factors sensitive to metabolites, such as CTCF (regulated
by a ketoglutarate, an intracellular metabolite of gluta-
mine), are potential candidates for glutamine-dependent
GRB10 regulation (45,46). While we cannot exclude the
possibility that changes in glutaminase activity increased
GRB10 levels in skeletal muscle from men with type 2 dia-
betes, glutamine supplementation of myotube cultures
and in HFD-fed mice was associated with reductions in
GRB10 expression in skeletal muscle. Therefore, glutamine
modulation of GRB10 could represent a potential target
to improve skeletal muscle insulin sensitivity in type 2
diabetes. Nevertheless, further validation by proteomic-
based approaches may elucidate the link between gluta-
mine and GRB10 regulation. Additional studies in both
men and women may also clarify whether there is a sex-
dependent effect of glutamine treatment on insulin sensi-
tivity and inflammation.

In conclusion, we show that lower plasma glutamine is
associated with high BMI and HOMA-IR index in men.
Moreover, we provide evidence of a direct role of glutamine
in the prevention of inflammation and insulin resistance in
skeletal muscle. Dietary glutamine supplementation could
represent a potential therapeutic strategy to prevent or
delay skeletal muscle insulin resistance by maintaining the
homeostatic control of immunometabolism and through
regulating GRB10 expression.
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