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Abstract
Introduction: The regulated delivery of the glucose transporter GLUT4 from intracel-
lular stores to the plasma membrane underpins insulin-stimulated glucose transport. 
Insulin-stimulated glucose transport is impaired in skeletal muscle of patients with 
type-2 diabetes, and this may arise because of impaired intracellular trafficking of 
GLUT4. However, molecular details of any such impairment have not been described. 
We hypothesized that GLUT4 and/or levels of proteins involved in intracellular GLUT4 
trafficking may be impaired in skeletal muscle in type-2 diabetes and tested this in 
obese individuals without and without type-2 diabetes.
Methods: We recruited 12 participants with type-2 diabetes and 12 control partici-
pants. All were overweight or obese with BMI of 25–45 kg/m2. Insulin sensitivity was 
measured using an insulin suppression test (IST), and vastus lateralis biopsies were 
taken in the fasted state. Cell extracts were immunoblotted to quantify levels of a 
range of proteins known to be involved in intracellular GLUT4 trafficking.
Results: Obese participants with type-2 diabetes exhibited elevated fasting blood glu-
cose and increased steady state glucose infusion rates in the IST compared with con-
trols. Consistent with this, skeletal muscle from those with type-2 diabetes expressed 
lower levels of GLUT4 (30%, p = .014). Levels of Syntaxin4, a key protein involved in 
GLUT4 vesicle fusion with the plasma membrane, were similar between groups. By 
contrast, we observed reductions in levels of Syntaxin16 (33.7%, p = 0.05), Sortilin 
(44%, p = .006) and Sorting Nexin-1 (21.5%, p = .039) and −27 (60%, p = .001), key 
proteins involved in the intracellular sorting of GLUT4, in participants with type-2 
diabetes.
Conclusions: We report significant reductions of proteins involved in the endosomal 
trafficking of GLUT4 in skeletal muscle in obese people with type 2 diabetes com-
pared with age- and weight-matched controls. These abnormalities of intracellular 
GLUT4 trafficking may contribute to reduced whole body insulin sensitivity.
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1  |  INTRODUC TION

Insulin resistance is an impaired cellular, tissue and whole-body re-
sponse to insulin and is one of the main underlying pathophysiolog-
ical mechanisms leading to type-2 diabetes (T2D). Insulin resistance 
occurs when increasing levels of insulin are required to exert a bio-
logical effect in the target tissues, and in particular adipose tissue 
and skeletal muscle. Insulin resistance can be present for many years 
before the development of T2D,1 hence, there is considerable inter-
est in understanding the pathophysiological mechanisms that con-
tribute to insulin resistance.

Insulin-stimulated peripheral glucose dispersal is mediated primar-
ily by skeletal muscle and the facilitative glucose transporter, GLUT4.2 
Skeletal muscle is responsible for ~85% of whole-body glucose disposal 
when quantified using the hyperinsulinaemic euglycaemic clamp.3 
Individuals with T2D have, on average, a 50% reduction in whole-body 
glucose disposal by this method.4 In the absence of insulin, GLUT4 is 
intracellularly sequestered in a population of vesicles, usually known as 
the GLUT4 storage compartment (GSC). In response to insulin a sub-
set of these vesicles, referred to as insulin-responsive vesicles (IRVs), 
redistribute to the cell surface where they dock and fuse, driving large 
increases in cell surface GLUT4 levels and increases in glucose trans-
port into cells.2,5,6 The pathophysiological mechanism underlying insu-
lin resistance in adipose tissue is reduced expression of GLUT4,7,8 but 
the contributing mechanisms in skeletal muscle remain less clear.9,10

There are conflicting reports regarding changes in GLUT4 levels in 
skeletal muscle associated with T2D.10 Dohm et al.11 suggested that 
GLUT4 levels were reduced in skeletal muscle of people with T2D. This 
has been supported by more recent studies, including a sensitive anal-
ysis of GLUT4 levels in different fibre types.12,13 Lower skeletal muscle 
GLUT4 content also predicted impaired insulin sensitivity in chronic 
heart failure patients.14 However, other studies have suggested that 
GLUT4 levels are either unchanged15–18 or only modestly reduced in 
T2D.19 Interestingly, Kahn et al.20 demonstrated a reduction in GLUT4 
mRNA in streptozotocin induced mouse models of T2D, however, the 
observed insulin resistance preceded the reduction in GLUT4 mRNA 
suggesting that there are other contributing abnormalities.

Kelley et al.21 demonstrated that glucose transport and insulin 
stimulated GLUT4 translocation were attenuated in skeletal mus-
cle of individuals with diabetes. There is evidence to suggest an 
impairment in GLUT4 trafficking in human skeletal muscle which 
may contribute to the observed insulin resistance in these tissues10: 
Insulin resistance was associated with aberrant intracellular GLUT4 
sorting to a denser membrane compartment than is the case in con-
trol subjects; this abnormal subcellular distribution of GLUT4 was 
accompanied by reduced GLUT4 translocation following in vivo in-
sulin stimulation.18 This led to the hypothesis that impaired insulin-
stimulated glucose transport arises from an impairment in GLUT4 

trafficking into GSC which manifests as an accumulation of GLUT4 
in a dense membrane compartment(s) from which insulin is unable to 
recruit GLUT4 to the cell surface.18 Neither the nature of this dense 
compartment nor the alterations in trafficking machinery that give 
rise to this altered trafficking are known. Furthermore, although re-
duced GLUT4 levels in skeletal muscle of obese patients has been 
reported,22 whether differences in skeletal muscle GLUT4 levels are 
present in obese patients with diabetes compared with obese non-
diabetic patients has not yet been addressed.

GLUT4 trafficking in response to insulin is a complex, tightly 
regulated process.23 In the absence of insulin, GLUT4 is seques-
tered within intracellular vesicles, collectively known as the GSC. 
A subset of these, IRVs, translocate to and fuse with the plasma 
membrane, delivering GLUT4 to the cell surface in response to in-
sulin.5,6,23 Recent research has identified a range of proteins which 
regulate intracellular GLUT4 trafficking, including members of the 
SNARE family, components of the retromer complex and Sortilin—a 
member of the VPS10-family of sorting receptors.5,24,25 Using cell 
lines in which expression or function of these molecules is impaired, 
clear evidence for a role of these endosomal trafficking proteins in 
the control of GLUT4 sorting to GSC/IRVs has been provided.5,26–30 
While useful for the identification of the mechanism of GLUT4 traf-
ficking, whether these proteins are altered in T2D remains untested 
in human populations.

We hypothesized that GLUT4 and/or levels of proteins involved 
in sorting GLUT4 into the GSC may be impaired in skeletal muscle 
of patients with diabetes and have tested this in obese people with 
and without T2D characterized using an insulin suppression test 
(IST). Consistent with previous studies,11–13 we observed a modest 
decrease in GLUT4 levels in skeletal muscle in people with T2D com-
pared with obese non-diabetic controls. Accompanying this, we ob-
served significant decreases in Syntaxin-16 (Sx16) and sortilin levels: 
proteins known to mediate GLUT4 sorting into GSC,5 and selective 
decreases in members of the retromer family of endosomal sorting 
proteins.31 In contrast, levels of Syntaxin-4 (Sx4) and VPS35 were 
unaffected. These data are consistent with the hypothesis that ab-
errant GLUT4 intracellular sorting is present in people with T2D and 
suggests that impaired delivery of GLUT4 into the GSC may contrib-
ute to reduced peripheral glucose disposal.

2  |  METHODS

2.1  |  Recruitment

All participants gave written informed consent. The study was 
approved by the West of Scotland Research Ethics Committee 
and performed in keeping with the Declaration of Helsinki at 
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Glasgow Royal Infirmary, UK between March 2018 and February 
2019. Participants were recruited by advertising in newspapers, 
and through NHS research databases including SHARE, Scottish 
Diabetes Research Network and Scottish Primary Care Research 
Network. Twelve participants with T2D (Ob-T2D) and 12 control 
participants (Ob) matched for age and weight were recruited. All 
participants were white European males, had a BMI of 25–45 kg/
m2, no personal history of cardiovascular disease and had normal 
liver, renal and thyroid function. In addition, those with T2D were 
managed by lifestyle or metformin only and had an HbA1c between 
48 and 86 mmol/mol.

2.2  |  Assessment of insulin sensitivity

All participants attended the research facility for an initial screen-
ing visit involving written consent and baseline investigations 
(Table 1). Control participants underwent oral glucose tolerance 
tests to exclude underlying and undiagnosed impaired glucose 
tolerance or T2D. If all criteria were met, participants proceeded 
to an insulin suppression test (IST) with collection of muscle 
biopsies.

Measurements of insulin resistance in clinical research have 
been used for many years to define the degree of insulin resistance 
or insulin sensitivity. This has often been in the form of the hyper-
insulinemic euglycemic clamp, however, the insulin suppression test 
(IST) has been shown to be an effective, well tolerated and highly 
comparable alternative.32 The IST involves continuous infusions 
of glucose and insulin followed by measurements of steady state 
plasma insulin and steady state plasma glucose (SSPI and SSPG re-
spectively). This test was used to quantify insulin-sensitivity in our 
cohort.

Insulin suppression tests were performed with continuous infu-
sions of glucose, insulin and octreotide with infusion rates calculated 
according to body surface.32 After muscle biopsies were obtained, 
infusion of 20% (w/v) dextrose, insulin and octreotide were com-
menced at 267 mg/m2/min, 32 mU/m2/min and 0.27 μg/m2/min re-
spectively. Blood sampling was performed every 30 min for 150 min 

to measure point of care glucose to ensure the glucose remained 
within safe limits. From 150 until 180 min, plasma insulin and plasma 
glucose samples were obtained every 10 min. The four values ob-
tained from 150–180 min represented the steady state plasma insu-
lin and steady state plasma glucose (SSPI and SSPG respectively).32 
Once final blood had been obtained at 180 minutes, infusions were 
discontinued, and participants provided with a carbohydrate-based 
meal and point of care glucose checked 30 minutes later to ensure 
stability prior to discharge. One participant in the control group de-
veloped a hematoma after the muscle biopsy and was withdrawn 
prior to completing the IST, but their data were included in all figures 
except Figure 1C,D (SSPI and SSPG datasets).

2.3  |  Muscle biopsy

Muscle biopsies were performed at baseline in the fasted state. The 
site was identified by measuring 20 cm above the patella and project-
ing a line laterally on the lateral aspect of the vastus lateralis muscle. 
Under sterile conditions, the area was cleaned, and the skin infil-
trated with 5 ml of 1% (w/v) lidocaine. Once the anaesthetic effect 
had occurred, a small incision around 0.5 cm was made at the biopsy 
site using a scalpel. Five samples were then taken each weighing 
approximately 50 mg using a Bard automatic biopsy needle. These 
were snap frozen in liquid nitrogen before being stored at −80°C.

2.4  |  Generation of skeletal muscle lysates

Skeletal muscle samples were thawed on ice and homogenized 
through a 19 G needle in 200 μl of ice-cold lysis buffer (25 mM Tris–
HCl (pH  7.4), 50mMNaF, 100 mM NaCl, 1 mM sodium vanadate, 
5 mM EGTA, 1 mM EDTA, 1% (v/v) Triton X-100, 10 mM sodium py-
rophosphate, 0.27 M sucrose, Complete™ Protease inhibitor cock-
tail tablets (1tablet/10 ml), 0.1% (v/v) 2-mercaptoethanol). Samples 
were subsequently centrifuged at 13,000 g for 10 min and the super-
natant combined with Protein G-Sepharose for 1 h with rotation at 
4°C to remove any IgG from blood present in the samples. After 1 h, 

Ob Participants without T2Da 
(n = 12)

Ob Participants with 
T2D (n = 12)

Age (years) 50.8 ± 3.8 57.3 ± 1.5

BMI (kg/m2) 30.0 ± 0.8 33.8 ± 1.7

Systolic BP (mmHg) 126.8 ± 4.5 148.7 ± 4.0

Diastolic BP (mmHg) 81.5 ± 2.9 89.2 ± 1.8

Fasting glucose (mmol/l) 5.0 ± 0.1 9.3 ± 0.9*

HbA1c (mmol/mol) n/a 60.7 ± 3.4

Cholesterol (mmol/l) 5.0 ± 0.3 3.8 ± 0.22

Note: Baseline characteristics of participants are presented as mean ± SD. HbA1C was not 
measured in those without T2D. *Indicates a significant difference compared with participants 
without T2D, p < .0001.
aBY OGTT.

TA B L E  1 Participant characteristics
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samples were centrifuged at 16,000g for 30 seconds, the superna-
tant removed and stored at −80°C.

2.5  |  3 T3-L1 cell culture and lysate preparation

3 T3-L1 adipocytes, purchased from the American Tissue Culture 
Collection (ATCC Cat# CCL-92.1, RRID:CVCL_0123) were grown, 
maintained and differentiated exactly as outlined previously.24 A 
single batch of cells were used at 10-day post-differentiation to gen-
erate a lysate, as described.33 Enough of this lysate was prepared 
so as be included on all gels analysed and thus act as a quantitative 
comparison for all experiments.

2.6  |  Immunoblotting

Samples were thawed and combined with Laemmli sample buffer 
and heated to 65°C for 10 min prior to SDS-PAGE and immunob-
lotting. Blots were visualized using LICOR infra-red fluorescence 
detection and quantified using company proprietary software. 
The antibodies used in this study were anti-GLUT4 (Thermo Fisher 
Scientific Cat# PA1-1065, RRID:AB_2191454), anti-Sx16 (Synaptic 
Systems Cat# 110162, RRID:AB_887799), anti-Sx4 (Synaptic 
Systems Cat# 110042, RRID:AB_887853), anti-SNX1 (Proteintech 
Cat# 10304-1-AP, RRID:AB_2192217; the band at 70 kDa present 
in both 3 T3-L1 adipocytes and skeletal muscle was quantified), 
anti-SNX27 (Proteintech Cat# 16329-1-AP, RRID:AB_10888628), 
anti-VPS35 (Proteintech Cat# 10236-1-AP, RRID:AB_2215216) 
and anti-MAPK (Santa Cruz Biotechnology Cat# sc-514,302, 
RRID:AB_2571739).

2.7  |  Inter-gel comparisons and statistical analysis

Muscle samples were assessed by immunoblotting and compared 
with equivalent protein levels of 3 T3-L1 adipocytes. A single prepa-
ration of 3 T3-L1 adipocyte lysate was used on all immunoblots for 
every antibody, allowing comparisons to be made between differ-
ent immunoblots of muscle lysates, and between control and T2D 
groups. Ten and 20 μg of muscle biopsy and 3 T3-L1 adipocyte lysate 
was loaded on each gel to confirm linearity of detection. All biopsy 
samples were immunoblotted three times using each antibody, with 
results normalized to levels of the corresponding protein in 3 T3-L1 
adipocytes to allow statistical comparisons between groups and 
comparison of signals across multiple gels. Given that we have no 
information on how metabolic enzymes (such as GAPDH) or scaf-
fold proteins (such as actin) may differ between samples, we decided 
that comparison with a constant external standard (3 T3-L1 lysate) 
was less likely to be the subject of a systematic error and would fa-
cilitate inter-gel and inter-group comparisons. Triplicate replicates 
of all samples were performed to mitigate against intra-gel transfer 
artefacts.

Statistical testing was performed with GraphPad Prism 7. In all 
figures, each data point represents a single participant. For all immu-
noblot figures, each data point is the mean of three technical repli-
cates of each sample. Box and whisker plots of the immunoblot data 
are presented. Comparison between control and T2D samples was 
by two sample t-test. p values are provided in each figure legend. 
Each group consisted of n = 12 participants.

3  |  RESULTS

3.1  |  Participant demographics

Twelve obese participants with T2D (Ob-T2D) and 12 obese (Ob) 
controls completed the study. The demographics of the partici-
pants are detailed in Table  1. Of the 12 Ob-T2D participants, 10 
were prescribed metformin and the remaining two participants 
were managed by lifestyle factors only. Seven Ob-T2D participants 

F I G U R E  1 IST insulin sensitivity. Plasma glucose and plasma 
insulin were obtained in the fasted state prior to commencing 
the IST and compared between obese participants with and 
without T2D. Fasting results are shown in panels A and B. Plasma 
insulin and glucose samples were obtained every 10 min from 
150 to 180 min of the IST and the mean calculated to determine 
steady state levels (SSPG and SSPI) which are shown in C and D 
respectively. Individual values are presented along with the mean 
and standard deviation (S.D). Panels A and B represent 12 people 
with T2D (Ob-T2D) and 12 people without T2D (Ob); Panels C and 
D are from 11 participants without T2D as one patient withdrew 
after muscle biopsy but before the IST (see Methods.) Statistical 
analysis was performed using a two-tailed unpaired t-test, with 
significant differences indicated by *p < .0001.

https://scicrunch.org/resolver/RRID:CVCL_0123
https://scicrunch.org/resolver/RRID:AB_2191454
https://scicrunch.org/resolver/RRID:AB_887799
https://scicrunch.org/resolver/RRID:AB_887853
https://scicrunch.org/resolver/RRID:AB_2192217
https://scicrunch.org/resolver/RRID:AB_10888628
https://scicrunch.org/resolver/RRID:AB_2215216
https://scicrunch.org/resolver/RRID:AB_2571739
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had a known diagnosis of hypertension and were prescribed anti-
hypertensives including ACE inhibitors such as ramipril, calcium 
channel blockers such as amlodipine, and one participant was 
prescribed the thiazide diuretic, bendroflumethiazide. Ten out of 
12 Ob-T2D were prescribed statin therapy compared with one in 
the Ob group and had lower serum cholesterol levels than those 
without T2D (3.8 ± 0.22 vs. 5.0 ± 0.3 mmoL/L). Medications in par-
ticipants without T2D included proton pump inhibitors including 
lansoprazole, anti-depressants such as sertraline and antihistamines 
including cetirizine. All participants had normal renal function, liver 
function and thyroid function.

3.2  |  Assessment of insulin sensitivity

Fasting glucose was significantly higher in the Ob-T2D participants 
than in the Ob (non-diabetic) group (9.3 ± 0.9 vs. 5.0 ± 0.1 mmoL/L, 
p < .0001; Figure 1A). Ob-T2D participants had numerically but not 
statistically higher fasting insulin concentrations compared with 
controls (13.2 ± 4.0 vs. 9.2 ± 1.9  mU/L, p  =  .09; Figure  1B). SSPI 
results were consistent between groups as expected given infu-
sion of insulin according to the body surface area (48.8 ± 14.8 vs. 
38.0 ± 10.1  mU/L, p  =  .3; Figure  1C) and suppression of endog-
enous production with values are around five-fold higher than 
baseline fasting plasma insulin. As expected, SSPG results were 
significantly higher in Ob-T2D than in Ob non-diabetic participants 
(18.9 ± 1.7 vs. 8.5 ± 1.6 mmoL/L, p < .0001; Figure  1D). Assuming 
similar insulin clearance, the difference in SSPG between groups 
demonstrates that Ob-T2D participants have a reduction in periph-
eral glucose uptake, indicating greater insulin resistance than the 
control subjects despite comparable SSPI levels, consistent with 
the pathophysiology of T2D.

3.3  |  GLUT4 levels are reduced in obese patients 
with T2D

Skeletal muscle samples were first immunoblotted for GLUT4 
(Figure  2). GLUT4 levels were significantly reduced by 30% in 
the Ob-T2D group compared with Ob participants (p = .014); this 
observation is consistent with previous studies11–13 which also 
found similar reductions in GLUT4 in skeletal muscle from people 
with T2D.

3.4  |  Syntaxin 16 but not Syntaxin 4 levels are 
reduced in patients with T2D

We chose to examine levels of Sx4 and Sx16 which are involved in 
fusion of GLUT4 storage vesicles with the cell surface and recycling 
GLUT4 away from the cell surface and back into storage vesicles, 
respectively (see5,6 for reviews). The results are shown in Figure 3. 
There were no statistically significant differences in levels of Sx4 

between those with and without T2D (p = .37). However, levels of 
Sx16 were reduced by an average of 34% in Ob-T2D participants 
compared with Ob non-diabetic participants (p =  .05). The knock-
down of Sx16 in 3 T3-L1 adipocytes has been shown to result in both 
reduced total levels of GLUT4 and impaired sorting of GLUT4 from 
the endosomal system into GSC/IRV.26,34 Our data are therefore 
the first to suggest that a similar defect may be present in T2D. We 
therefore focussed on other proteins that are known to affect endo-
somal GLUT4 trafficking.

3.5  |  Endosomal sorting protein levels in patients 
with T2DM

Sortilin plays a role in sorting GLUT4 from the endosomal system 
into GSC/IRV in adipocytes,27,35 and thus, we examined sortilin in 
our samples (Figure  4). Levels of sortilin are reduced on average 

F I G U R E  2 GLUT4 levels in skeletal muscle from people with 
and without T2D. Vastus lateralis skeletal muscle biopsy samples 
were obtained from study participants in the fasted state. Samples 
were subjected to immunoblotting. (A) shows representative 
immunoblots from six participants without T2D (Ob) and six with 
T2D (Ob-T2D) (labelled 1–6) for GLUT4, respectively, loaded as 
two separate amounts, 10 and 20 μg, along with similar amounts of 
3 T3-L1 adipocyte lysate for comparison. (B) is a box and whisker 
plot comparing the ratio of skeletal muscle GLUT4 to 3 T3-L1 
GLUT4 levels from all subjects with (Ob-T2D) and without (Ob) T2D 
(n = 12) repeated three times on separate gels. Each point is the 
mean of triplicate determinations and thus represents an individual 
subject. Statistical analysis was performed using an unpaired t-test. 
*p = .014
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by 44% in the skeletal muscle of Ob-T2D participants (p  =  .006; 
Figure  4). This is a potentially significant finding as sortilin is 
thought to be required for formation of IRV, at least in murine 3 T3-
L1 adipocytes.

The retromer complex plays a key role in the recycling of pro-
teins between endosomes and the trans Golgi network.31 A role for 
retromer in controlling GLUT4 trafficking between endosomal and 
lysosomal compartments has been suggested by studies using cul-
tured cells.29,30,36 Here, we quantified the levels of sorting nexins 1 
and 27 (SNX1 and SNX27) and vacuolar protein-sorting 35 (VPS35; 
Figure 5). Both SNX1 and SNX27 were significantly reduced in the 
skeletal muscle of Ob-T2D subjects compared with those without 
T2D (by 22%, p =  .039 and 60%, p =  .0001, respectively). By con-
trast, VPS35 levels were not significantly altered.

4  |  DISCUSSION

It is recognized that the pathogenesis of insulin resistance in skeletal 
muscle is due to impaired GLUT4 trafficking but the exact cause for 
this remains unclear.9,23,37–41 Here, we sought to compare skeletal 
muscle of obese people with T2D and obese non-diabetic controls 
to define whether changes in GLUT4 levels and/or alterations in key 
trafficking components were associated with insulin resistance in 
the obese T2D population. As expected, Ob-T2D participants were 
more insulin resistant than those without T2D as demonstrated by 
higher SSPG despite comparable SSPI levels by IST, demonstrating a 
reduction in whole body glucose consumption (Figure 1).

We observed significant reduction in levels of GLUT4 in 
Ob-T2D participants compared with Ob controls without T2D 

(Figure 2). While there is evidence in human skeletal muscle stud-
ies that GLUT4 expression is unaffected T2D,9,15,16,18,21 others 
have reported reductions in skeletal muscle GLUT4 levels similar 
to those reported here.11–13 The area is well discussed in a recent 
review.10 Furthermore, reduction in skeletal muscle GLUT4 levels 
in obesity have also been reported.22 Limitations to studies in this 
area, including the present one, are the small numbers of partic-
ipants that can readily be studied using invasive techniques and 
heterogeneity between individuals. Kahn et al.16 studied 30 non-
obese participants with insulin dependent diabetes who were in-
sulin resistant with a mean age of 34 years; Garvey et al.18 studied 
lean and obese controls, as well as obese people with impaired glu-
cose tolerance and T2D; and finally, Pedersen et al studied 17 peo-
ple with T2D, some of whom were newly diagnosed and treatment 
naive, compared with lean and obese controls.15 This variation in 
age, treatment and duration of T2D makes direct comparisons dif-
ficult, especially when T2D is already associated with significant 
heterogeneity between individuals.42 Indeed, Pedersen et al.40 
comment on the variability observed in expression of GLUT4 be-
tween groups which is likely to be an important factor. Although 
every effort was made to match our study participants, BMI was 
numerically higher in those with T2D and they were not com-
pletely matched for other factors that may have influenced insulin 
sensitivity, including duration of T2D, blood pressure and statin 
use/cholesterol levels (Table 1). Nevertheless, we have attempted 
to compare participants with similar levels of obesity in the pres-
ence or absence of diabetes to identify any specific changes asso-
ciated with T2D. Consistent with published work,11–13 we observed 
a 30% reduction in skeletal muscle GLUT4 levels in patients with 
T2D (Figure 2).

F I G U R E  3 Syntaxin levels in skeletal 
muscle from people with and without 
T2D. Skeletal muscle samples (20 μg) 
from 6 participants (numbered 1–6) in 
each group were immunoblotted for Sx4 
(panel A) and Sx16 (panel B) as indicated. 
(C and D) are box and whisker plots of 
the ratio of skeletal muscle Sx4 and 
Sx16, respectively, to 3 T3-L1 levels in 
12 people with and 12 people without 
T2D. Each point is the mean of triplicate 
determinations and thus represents an 
individual subject. Statistical analysis 
was performed using an unpaired t-test 
(*p = .05; n.s., not significantly different, 
p = .37).
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In addition to glucose transporters, various other key proteins 
that are involved in glucose transport were analysed in these skele-
tal muscle samples. Firstly, levels of the t-SNARE Sx4 thought to be 
a major participant in the fusion of GLUT4-containing vesicles5,6,23 
with the cell surface were found to be unchanged between those 
with and without T2D (Figure  3). By contrast, the intracellular 
SNARE Sx16 was significantly reduced in T2D (Figure 3). Sx16 is a 
t-SNARE involved in the sorting of GLUT4 from recycling endosomes 
into the GSC.26,34 Previous studies have shown that either knock-
down or inhibition of Sx16 in cultured adipocytes impairs insulin-
stimulated glucose transport and GLUT4 translocation as well as 
causing a 30% reduction in total GLUT4 levels.26 This reduction in 
GLUT4 is thought to reflect aberrant trafficking of the transporter 
into degradative pathways rather than into GSC/IRV.24 The data ob-
served here in T2D are strikingly similar, prompting us to consider 
whether other proteins known to regulate GLUT4 endosomal traf-
ficking were similarly affected.

Sorting of GLUT4 from the recycling endosomal system into the 
GSC involves a complex suite of proteins acting at different stages 
of the GLUT4 trafficking itinerary; while may such proteins have 
been identified, a unifying model remains elusive and no study has 

systematically examined whether changes in the levels of these pro-
teins accompany diabetes.5,6,27 Sortilin is expressed in both adipo-
cytes and skeletal muscle and is essential for the formation of the 
GSC; depletion of sortilin blocks delivery of GLUT4 into GSC and 
increases its degradation.29,35 Sortilin mRNA and protein expression 
are reduced in adipose tissue and skeletal muscle of mouse models 
of both obesity and diabetes43 and sortilin levels are regulated by 
glucose depravation in rodent skeletal muscle,44 but to the best of 
our knowledge, there are no studies of human muscle in which sorti-
lin levels have been quantified. We observed a 44% reduction in sor-
tilin levels in Ob-T2D participants compared with controls (Figure 4). 
By analogy with studies in cultured cells,35,45 this reduction could at-
tenuate the storage of GLUT4 into the GSC and thus redirect GLUT4 
into insulin insensitive cell compartments, or degradative pathways 
resulting reduction in GLUT4 (Figure 2) and impaired insulin sensi-
tivity (Figure 1).

The role of retromer complexes in sorting and trafficking 
transmembrane proteins within endosomes is well established.46 
The retromer complex consists of VPS35 (in combination with 
VPS26 and VPS29) and sorting nexins, for example SNX1 and 
SNX27. Knockdown of SNX 27 or VPS35 in human or rodent ad-
ipocytes decreased the stability of sortilin and GLUT4, impaired 
GLUT4 sorting and decreased insulin-stimulated glucose trans-
port.29,30,36 Others have suggested that an interaction between 
Vps35 and sortilin is regulated by insulin47 and thus we hypoth-
esized that retromer levels may be altered in T2D. We observed 
a significant reduction in SNX1 and SNX27 in skeletal muscle of 
people with T2D, compared with controls, but unchanged pro-
tein expression of VPS35. In cultured adipocytes, both SNX1 and 
SNX27 have been shown to be involved in GLUT4 trafficking by 
regulating recycling of proteins via endosomes and demonstrate 
a degree of insulin stimulated translocation.29,48 This reduction in 
sorting nexins in skeletal muscle of participants with T2D is a po-
tentially exciting development and may point towards their role in 
not only GLUT4 trafficking but the pathogenesis of insulin resis-
tance and T2D. It is interesting that the reductions are selective—
VPS35 levels are unchanged, hinting at differential roles of SNXs 
in GLUT4 sorting. Future studies will be needed to address this 
point. Further in relation to this point, we observed no changes 
in levels of either Akt or ERK1/2, two key signalling kinases, be-
tween the groups (not shown).

Some limitations of this study, including incomplete match-
ing for degree of obesity and concomitant treatment, should be 
acknowledged. We were unable to examine IRAP levels in these 
samples as a result of a cross-reacting protein of similar molecu-
lar weight which prevented analysis. Similarly further studies were 
limited by a lack of availability of suitable reagents, for example 
to USP25,5,27,36 and limited amounts of biological samples. Future 
studies of other proteins, such as components of the Golgi by-pass 
route controlled by CHC225,49 will be important and worthwhile 
goals. We note that ours is a relatively small sample size but feel 
that our comparison of obese patients with or without diabetes 
makes a useful contribution to the field. It will be of interest in the 

F I G U R E  4 Levels of Sortilin in skeletal muscle from people 
with and without T2D. Skeletal muscle samples (20 μg) from 
6 participants (numbered 1–6) in each group were probed for 
Sortilin as described in Figure 2. A typical immunoblot is shown 
in A and quantification of the entire dataset is presented in panel 
B as a box and whisker plot. Each point is the mean of triplicate 
determinations from each subject. Statistical analysis was 
performed using an unpaired t-test, significant differences are 
shown by *p = .006).
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future to ascertain whether these observed effects are manifest at 
the level of transcriptional or post-translational regulation.

In conclusion, this study has demonstrated significant changes 
in proteins involved in the endosomal trafficking of GLUT4 in skel-
etal muscle in Ob-T2D participants compared to participants with-
out T2D. These include Sx16, sortilin and sorting nexins—SXN1 and 
SNX27. With the caveat of incomplete matching, these findings sug-
gest that multiple abnormalities can be detected at various stages of 
intracellular GLUT4 trafficking in T2D. These may re-direct GLUT4 
into dense membrane compartments or degradative pathways and 
therefore result in the reductions observed in levels of GLUT4 in 
skeletal muscle.

AUTHOR CONTRIBUTIONS
Rachel Livingstone: Data curation (equal); methodology (equal); 
validation (equal); visualization (equal); writing –  original draft 
(equal). Nia J. Bryant: Conceptualization (equal); writing –  original 
draft (equal); writing – review and editing (equal). James G. Boyle: 
Funding acquisition (equal); project administration (equal); super-
vision (equal); writing –  review and editing (equal). John R. Petrie: 
Funding acquisition (equal); investigation (equal); project adminis-
tration (equal); writing – original draft (equal); writing – review and 
editing (equal). Gwyn W. Gould: Conceptualization (equal); data cu-
ration (equal); formal analysis (equal); funding acquisition (equal); in-
vestigation (equal); project administration (equal); supervision (lead); 

validation (equal); writing – original draft (equal); writing –  review 
and editing (equal).

ACKNOWLEDG EMENT
We thank David Young (Maths and Stats, University of Strathclyde) 
for helpful advice.

FUNDING INFORMATION
This work was supported by an award from Novo Nordisk UK 
Research Foundation (to GWG, JRP and JGB), by a Chief Scientist 
Office NRS Career Research Fellowship (to JGB) and by NHS Greater 
Glasgow and Clyde Endowment Fund (to JGB and RL). The funders 
played no role in any aspect of the work.

CONFLIC T OF INTERE S T
The authors declare they have no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The datasets generated during and/or analysed during the current 
study are available from the corresponding author on reasonable 
request.

ORCID
John R. Petrie   https://orcid.org/0000-0002-4894-9819 
Gwyn W. Gould   https://orcid.org/0000-0001-6571-2875 

F I G U R E  5 Sorting nexins in skeletal muscle from people with and without T2D. Skeletal muscle samples (20 μg) from 6 participants 
(numbered 1–6) in each group were probed using anti-SNX1 (panels A), anti-SNX27 (panels B) or anti-Vps35 antibodies (panel C). Typical 
blots (A–C) are shown, together with box and whisker plots of the entire data set (panels D–F). Each point is the mean of triplicate 
determinations from each study subject. Statistical significance between the groups is indicated by *p = .039, **p = .0001; n.s., not 
significantly different.

https://orcid.org/0000-0002-4894-9819
https://orcid.org/0000-0002-4894-9819
https://orcid.org/0000-0001-6571-2875
https://orcid.org/0000-0001-6571-2875


    |  9 of 10LIVINGSTONE et al.

R E FE R E N C E S
	 1.	 Warram JH, Martin BC, Krolewski AS, Soeldner JS, Kahn CR. Slow 

glucose removal rate and hyperinsulinemia precede the develop-
ment of type II diabetes in the offspring of diabetic parents. Ann 
Intern Med. 1990;113:909-915.

	 2.	 Kahn BB. Adipose tissue, inter-organ communication, and the path 
to type 2 diabetes: the 2016 banting medal for scientific achieve-
ment lecture. Diabetes. 2019;68:3-14.

	 3.	 DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber JP. 
The effect of insulin on the disposal of intravenous glucose. Results 
from indirect calorimetry and hepatic and femoral venous catheter-
ization. Diabetes. 1981;30:1000-1007.

	 4.	 DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren J. 
Effects of insulin on peripheral and splanchnic glucose metabolism 
in noninsulin-dependent (type II) diabetes mellitus. J Clin Invest. 
1985;76:149-155.

	 5.	 Gould GW, Brodsky FM, Bryant NJ. Building GLUT4 vesicles: 
CHC22 Clathrin's human touch. Trends Cell Biol. 2020;30:705-719.

	 6.	 Klip A, McGraw TE, James DE. Thirty sweet years of GLUT4. J Biol 
Chem. 2019;294:11369-11381.

	 7.	 Garvey WT, Maianu L, Huecksteadt TP, Birnbaum MJ, Molina JM, 
Ciaraldi TP. Pretranslational suppression of a glucose transporter 
protein causes insulin resistance in adipocytes from patients with 
non-insulin-dependent diabetes mellitus and obesity. J Clin Invest. 
1991;87:1072-1081.

	 8.	 Sinha MK, Rainerimaldonado C, Buchanan C, et al. Adipose-tissue 
glucose transporters in Niddm - Decreased levels of muscle fat iso-
form. Diabetes. 1991;40:472-477.

	 9.	 Abdul-Ghani MA, DeFronzo RA. Pathogenesis of insulin resistance 
in skeletal muscle. J Biomed Biotechnol. 2010;2010:476279.

	10.	 Chadt A, Al-Hasani H. Glucose transporters in adipose tissue, liver, 
and skeletal muscle in metabolic health and disease. Pflugers Arch. 
2020;472:1273-1298.

	11.	 Dohm GL, Elton CW, Friedman JE, et al. Decreased expression of 
glucose transporter in muscle from insulin-resistant patients. Am J 
Phys. 1991;260:E459-E463.

	12.	 Gaster M, Staehr P, Beck-Nielsen H, Schroder HD, Handberg A. 
GLUT4 is reduced in slow muscle fibers of type 2 diabetic patients: 
is insulin resistance in type 2 diabetes a slow, type 1 fiber disease? 
Diabetes. 2001;50:1324-1329.

	13.	 Kampmann U, Christensen B, Nielsen TS, et al. GLUT4 and UBC9 
protein expression is reduced in muscle from type 2 diabetic pa-
tients with severe insulin resistance. PLoS One. 2011;6:e27854.

	14.	 Doehner W, Gathercole D, Cicoira M, et al. Reduced glucose trans-
porter GLUT4 in skeletal muscle predicts insulin resistance in 
non-diabetic chronic heart failure patients independently of body 
composition. Int J Cardiol. 2010;138:19-24.

	15.	 Pedersen O, Bak JF, Andersen PH, et al. Evidence against altered 
expression of GLUT1 or GLUT4 in skeletal muscle of patients with 
obesity or NIDDM. Diabetes. 1990;39:865-870.

	16.	 Kahn BB, Rosen AS, Bak JF, et al. Expression of GLUT1 and GLUT4 
glucose transporters in skeletal muscle of humans with insulin-
dependent diabetes mellitus: regulatory effects of metabolic fac-
tors. J Clin Endocrinol Metab. 1992;74:1101-1109.

	17.	 Garvey WT, Maianu L, Hancock JA, Golichowski AM, Baron A. Gene 
expression of GLUT4 in skeletal muscle from insulin-resistant patients 
with obesity, IGT, GDM, and NIDDM. Diabetes. 1992;41:465-475.

	18.	 Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P, Baron 
AD. Evidence for defects in the trafficking and translocation of 
GLUT4 glucose transporters in skeletal muscle as a cause of human 
insulin resistance. J Clin Invest. 1998;101:2377-2386.

	19.	 Hussey SE, McGee SL, Garnham A, McConell GK, Hargreaves M. 
Exercise increases skeletal muscle GLUT4 gene expression in pa-
tients with type 2 diabetes. Diabetes Obes Metab. 2012;14:768-771.

	20.	 Kahn BB, Rossetti L, Lodish HF, Charron MJ. Decreased in vivo glu-
cose uptake but normal expression of GLUT1 and GLUT4 in skeletal 
muscle of diabetic rats. J Clin Invest. 1991;87:2197-2206.

	21.	 Kelley DE, Mintun MA, Watkins SC, et al. The effect of non-
insulin-dependent diabetes mellitus and obesity on glucose 
transport and phosphorylation in skeletal muscle. J Clin Invest. 
1996;97:2705-2713.

	22.	 Ramos PA, Lytle KA, Delivanis D, Nielsen S, LeBrasseur NK, Jensen 
MD. Insulin-stimulated muscle glucose uptake and insulin signaling 
in lean and obese humans. J Clin Endocrinol Metab. 2021;106:E1631
-E1646.

	23.	 Saltiel AR. Insulin signaling in health and disease. J Clin Invest. 
2021;131:e142241.

	24.	 Sadler JBA, Lamb CA, Welburn CR, et al. The deubiquitinat-
ing enzyme USP25 binds tankyrase and regulates trafficking of 
the facilitative glucose transporter GLUT4 in adipocytes. Sci Rep. 
2019;9:4710.

	25.	 Yeh TY, Sbodio JI, Tsun ZY, Luo B, Chi NW. Insulin-stimulated exo-
cytosis of GLUT4 is enhanced by IRAP and its partner tankyrase. 
Biochem J. 2007;402:279-290.

	26.	 Proctor KM, Miller SC, Bryant NJ, Gould GW. Syntaxin 16 controls 
the intracellular sequestration of GLUT4 in 3 T3-L1 adipocytes. 
Biochem Biophys Res Commun. 2006;347:433-438.

	27.	 Bogan JS, Kandror KV. Biogenesis and regulation of insulin-responsive 
vesicles containing GLUT4. Curr Opin Cell Biol. 2010;22:506-512.

	28.	 Kandror KV, Pilch PF. The sugar is sIRVed: sorting Glut4 and its fel-
low travelers. Traffic. 2011;12:665-671.

	29.	 Pan X, Zaarur N, Singh M, Morin P, Kandror KV. Sortilin and ret-
romer mediate retrograde transport of Glut4 in 3 T3-L1 adipocytes. 
Mol Biol Cell. 2017;28:1667-1675.

	30.	 Yang Z, Hong LK, Follett J, et al. Functional characterization of ret-
romer in GLUT4 storage vesicle formation and adipocyte differen-
tiation. FASEB J. 2016;30:1037-1050.

	31.	 Bonifacino JS, Hurley JH. Retromer. Curr Opin Cell Biol. 
2008;20:427-436.

	32.	 Greenfield MS, Doberne L, Kraemer F, Tobey T, Reaven G. 
Assessment of insulin resistance with the insulin suppression test 
and the euglycemic clamp. Diabetes. 1981;30:387-392.

	33.	 Black HL, Livingstone R, Mastick CC, et al. Knockout of syntaxin-4 
in 3 T3-L1 adipocytes reveals new insight into GLUT4 trafficking 
and adiponectin secretion. J Cell Sci. 2022;135(1):jcs258375.

	34.	 Shewan AM, McCann RK, Lamb CA, et al. Endosomal sorting of 
GLUT4 and Gap1 is conserved between yeast and insulin-sensitive 
cells. J Cell Sci. 2013;126:1576-1582.

	35.	 Shi J, Kandror KV. Sortilin is essential and sufficient for the for-
mation of Glut4 storage vesicles in 3 T3-L1 adipocytes. Dev Cell. 
2005;9:99-108.

	36.	 Pan X, Meriin A, Huang G, Kandror KV. Insulin-responsive amino 
peptidase follows the Glut4 pathway but is dispensable for the 
formation and translocation of insulin-responsive vesicles. Mol Biol 
Cell. 2019;30:1536-1543.

	37.	 Sylow L, Tokarz VL, Richter EA, Klip A. The many actions of insulin 
in skeletal muscle, the paramount tissue determining glycemia. Cell 
Metab. 2021;33:758-780.

	38.	 McConell GK, Sjoberg KA, Ceutz F, et al. Insulin-induced mem-
brane permeability to glucose in human muscles at rest and follow-
ing exercise. J Physiol. 2020;598:303-315.

	39.	 Nelson ME, Madsen S, Cooke KC, et al. Systems-level analysis of 
insulin action in mouse strains provides insight into tissue- and 
pathway-specific interactions that drive insulin resistance. Cell 
Metab. 2022;34:227-239.e6.

	40.	 James DE, Stockli J, Birnbaum MJ. The aetiology and mo-
lecular landscape of insulin resistance. Nat Rev Mol Cell Biol. 
2021;22:751-771.



10 of 10  |     LIVINGSTONE et al.

	41.	 Fazakerley DJ, Krycer JR, Kearney AL, Hocking SL, James DE. 
Muscle and adipose tissue insulin resistance: malady without mech-
anism? J Lipid Res. 2019;60:1720-1732.

	42.	 Nair ATN, Wesolowska-Andersen A, Brorsson C, et al. Heterogeneity 
in phenotype, disease progression and drug response in type 2 dia-
betes. Nat Med. 2022;28(5):982-988.

	43.	 Kaddai V, Jager J, Gonzalez T, et al. Involvement of TNF-alpha in 
abnormal adipocyte and muscle sortilin expression in obese mice 
and humans. Diabetologia. 2009;52:932-940.

	44.	 Ariga M, Yoneyama Y, Fukushima T, et al. Glucose deprivation attenu-
ates sortilin levels in skeletal muscle cells. Endocr J. 2017;64:255-268.

	45.	 Huang G, Buckler-Pena D, Nauta T, et al. Insulin responsiveness of 
glucose transporter 4 in 3 T3-L1 cells depends on the presence of 
sortilin. Mol Biol Cell. 2013;24:3115-3122.

	46.	 Rojas R, Kametaka S, Haft CR, Bonifacino JS. Interchangeable but 
essential functions of SNX1 and SNX2 in the association of ret-
romer with endosomes and the trafficking of mannose 6-phosphate 
receptors. Mol Cell Biol. 2007;27:1112-1124.

	47.	 Ma J, Nakagawa Y, Kojima I, Shibata H. Prolonged insulin stimu-
lation down-regulates GLUT4 through oxidative stress-mediated 

retromer inhibition by a protein kinase CK2-dependent mechanism 
in 3 T3-L1 adipocytes. J Biol Chem. 2014;289:133-142.

	48.	 Temkin P, Lauffer B, Jager S, Cimermancic P, Krogan NJ, von 
Zastrow M. SNX27 mediates retromer tubule entry and endosome-
to-plasma membrane trafficking of signalling receptors. Nat Cell 
Biol. 2011;13:715-721.

	49.	 Camus SM, Camus MD, Figueras-Novoa C, et al. CHC22 clathrin 
mediates traffic from early secretory compartments for human 
GLUT4 pathway biogenesis. J Cell Biol. 2020;219(1):e201812135.

How to cite this article: Livingstone R, Bryant NJ, Boyle JG, 
Petrie JR, Gould GW. Diabetes is accompanied by changes in 
the levels of proteins involved in endosomal GLUT4 
trafficking in obese human skeletal muscle. Endocrinol Diab 
Metab. 2022;5:e361. doi: 10.1002/edm2.361

https://doi.org/10.1002/edm2.361

	Diabetes is accompanied by changes in the levels of proteins involved in endosomal GLUT4 trafficking in obese human skeletal muscle
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Recruitment
	2.2|Assessment of insulin sensitivity
	2.3|Muscle biopsy
	2.4|Generation of skeletal muscle lysates
	2.5|3 T3-­L1 cell culture and lysate preparation
	2.6|Immunoblotting
	2.7|Inter-­gel comparisons and statistical analysis

	3|RESULTS
	3.1|Participant demographics
	3.2|Assessment of insulin sensitivity
	3.3|GLUT4 levels are reduced in obese patients with T2D
	3.4|Syntaxin 16 but not Syntaxin 4 levels are reduced in patients with T2D
	3.5|Endosomal sorting protein levels in patients with T2DM

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


