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Skeletal muscle from TBC1D4 p.Arg684Ter 
variant carriers is severely insulin resistant 
but exhibits normal metabolic responses 
during exercise

In the Greenlandic Inuit population, 4% are homozygous carriers of a genetic 
nonsense TBC1D4 p.Arg684Ter variant leading to loss of the muscle-specific 
isoform of TBC1D4 and an approximately tenfold increased risk of type 
2 diabetes1. Here we show the metabolic consequences of this variant in 
four female and four male homozygous carriers and matched controls. 
An extended glucose tolerance test reveals prolonged hyperglycaemia 
followed by reactive hypoglycaemia in the carriers. Whole-body glucose 
disposal is impaired during euglycaemic-hyperinsulinaemic clamp 
conditions and associates with severe insulin resistance in skeletal 
muscle only. Notably, a marked reduction in muscle glucose transporter 
GLUT4 and associated proteins is observed. While metabolic regulation 
during exercise remains normal, the insulin-sensitizing effect of a single 
exercise bout is compromised. Thus, loss of the muscle-specific isoform of 
TBC1D4 causes severe skeletal muscle insulin resistance without baseline 
hyperinsulinaemia. However, physical activity can ameliorate this condition. 
These observations offer avenues for personalized interventions and 
targeted preventive strategies.

The prevalence of obesity and type 2 diabetes (T2D) in the indigenous 
Arctic Inuit populations is increasing rapidly2. Interactions between 
genetics and lifestyle behaviour for the risk of developing T2D during 
the transition from a traditional hunter–gatherer lifestyle to a modern 
industrialized lifestyle have been incompletely studied3–5. Previously, 
we found a common genetic nonsense TBC1D4 p.Arg684Ter variant with 
an allele frequency of 17% in the Greenlandic Inuit population1. Homozy-
gous carriers of this variant have impaired glucose tolerance and an 
approximately tenfold increased risk of T2D, and the p.Arg684Ter vari-
ant explains approximately 10% of T2D occurrence in the Greenlandic 
Inuit population surveys1. The p.Arg684Ter variant causes a premature 
stop codon in the long isoform of TBC1D4, which is expressed almost 
exclusively in skeletal and cardiac muscle. The stop variant is not pre-
sent in the short isoform of TBC1D4, and in the carriers, the expression 

of this isoform is normal in organs such as the pancreas, adipose tissue 
and liver1. Thus, homozygous carriers of the p.Arg684Ter variant can be 
considered a human quasi-muscle-specific TBC1D4-deficient model.

The metabolic and molecular consequences of lacking TBC1D4 
in human skeletal muscle, and how this leads to glucose intolerance 
remain unsolved. Preclinical studies suggest that TBC1D4 regulates glu-
cose transport via translocation of glucose transporter 4 (GLUT4) stor-
age vesicles to the plasma membrane6–8. Notably, phospho-regulation 
of TBC1D4 in skeletal muscle is impaired in insulin resistant partici-
pants and patients with T2D (refs. 9–12), and improvement of insulin 
sensitivity following exercise training11 and pioglitazone treatment10 
is accompanied by normalization of TBC1D4 phosphorylation. These 
observations suggest that signalling through TBC1D4 is important for 
insulin action and is modulated by exercise.
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plasma insulin and C-peptide concentrations in the carriers (Fig. 1a–d). 
Thus, the carriers were severely glucose intolerant and insulin resist-
ant. Fasting plasma incretin concentrations (Glucagon-like peptide 1 
(GLP-1) and Glucose-dependent insulinotropic polypeptide (GIP)) and 
the incretin response during the glucose challenge was normal in the 
carriers (Extended Data Fig. 1a,b). The prolonged period of hypergly-
caemia was followed by reactive hypoglycaemia in the carriers (~3.3 mM 
at 240 min) (Fig. 1b). This uncommon observation13–15 was not caused by 
dysregulation of the counter-regulatory hormone response (Fig. 1e–i). 
We propose that the observed hypoglycaemia following an oral glucose 
load is caused by a combination of elevated insulin levels, and intact 
adipose tissue and in particular liver insulin sensitivity in the carriers 
(see text below). It is essential to highlight that hypoglycaemia is a 
recognized side effect of insulin treatment in diabetes. Even non-severe 
hypoglycaemia episodes are associated with an increased risk of severe 
hypoglycaemia and adverse cardiovascular outcomes16. Carriers have 
an increased risk of ischaemic heart disease and cardiovascular disease 
death, although not statistically significant17. Thus, the avoidance of 
such non-severe hypoglycaemia episodes in carriers is recommended.

The study of the Greenlandic carriers of the TBC1D4 p.Arg684Ter 
variant provides a unique opportunity to explore the putative causal 
link between TBC1D4 and the ability of insulin and exercise to regulate 
muscle metabolism in humans, and importantly delineate the necessity 
of TBC1D4 for the insulin-sensitizing effect of exercise. Here, we pro-
vide substantial explanatory clues to the increased insulin resistance 
and frequency of T2D in the carriers.

In Greenland, we successfully recruited homozygous TBC1D4 
p.Arg684Ter variant carriers and a Greenlandic control group matched 
according to age, sex, European genetic admixture, body mass index 
(BMI) and physical fitness level (Extended Data Table 1). The normal 
fasting blood glucose, and plasma lipid levels and the pronounced 
glucose intolerance in the carriers, reflect what we have reported 
previously in a larger population survey in Greenland1. Here, we also 
report a similar body composition and total skeletal muscle mass in 
the carriers and controls (Extended Data Table 1).

An extended 6-hour oral glucose tolerance test (OGTT) revealed 
similar peak plasma glucose concentrations (~10 mM at 30 min) but 
prolonged hyperglycaemia (until 180 min) concomitant with elevated 
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Fig. 1 | Homozygous TBC1D4 p.Arg684Ter variant carriers display prolonged 
hyperglycaemia followed by hypoglycaemia during an extended oral 
glucose challenge. a, Graphical representation of the OGTT. b–i, Blood glucose 
(b) as well as plasma C-peptide (c), insulin (d), glucagon (e), adrenaline (f), 
noradrenaline (g), cortisol (h) and growth hormone (i) during an extended (6 h) 
OGTT. *Difference between TBC1D4 carriers and Controls at the given time point. 

‡Different from basal (time 0) within the same group. One symbol P < 0.05. Two 
symbols P < 0.01. Three symbols P < 0.001. Symbols within parentheses represent 
P values between 0.1 and 0.05. n = 8 in Controls and n = 7 in TBC1D4 carriers.  
Data are means ± s.e.m. Data were analysed using a two-way repeated ANOVA test 
(one factor repeated) and two-tailed Student–Newman–Keuls post hoc analyses 
for multiple comparisons. Graphics in a created using BioRender.com.
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Five carriers and individually paired controls travelled from Green-
land to our research facilities in Copenhagen for further investiga-
tions (Extended Data Table 2). The euglycaemic-hyperinsulinaemic 
clamp (EHC) technique was applied to evaluate whole-body insulin 
sensitivity (Fig. 2a). In the fasted state immediately before the clamp, 
endogenous glucose production as well as blood glucose and plasma 
insulin concentrations were similar in the carriers and controls  

(Extended Data Fig. 2a–c). This suggests that carriers display intact 
glycaemic control in the fasted state. To maintain euglycaemia during 
insulin stimulation, glucose infusion was increased in both groups but 
at the end of the EHC (120 min), glucose infusion rate (GIR) was on aver-
age ~30% lower in the carriers (Fig. 2b,c). Endogenous glucose produc-
tion during insulin stimulation was similar in the carriers and controls 
(Fig. 2d). As a result, the glucose disappearance rate (Rd) was reduced 
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Fig. 2 | Compromised peripheral glucose disposal during EHC conditions 
but normal liver and adipose tissue regulation in homozygous TBC1D4 
p.Arg684Ter variant carriers. a, Graphical representation of the EHC. b, GIR 
during the insulin clamp. c–e, GIR (c), endogenous glucose rate of appearance 
(RA) (d) and glucose rate of disappearance (RD) (e) at 120 min of the clamp. 
f, Plasma FAs during the clamp. g, Average leg glucose uptake during the last 
40 min of the clamp. h, Targeted immunoblotting analyses of proteins associated 
with glucose metabolism, fat metabolism and the mitochondrial electron 
transport chain in skeletal muscle. i, Volcano plot showing proteome log2 fold 
change (FC) (carriers/controls) plotted against –log10 P value highlighting 

downregulated proteins TBC1D4, TBC1D1 and GLUT4 (SLC2A4). *Difference 
between TBC1D4 carriers and controls at the given time point. ‡Different from 
basal (time 0) within the same group. n = 5 (b–g, i). n = 7 (h) except for mTOR, 
p70S6K and ACC (n = 5 in controls and TBC1D4 carriers) as well as Akt2, AMPKα2, 
CS, CD36 and FATP4 (n = 6) in controls and GLUT1 (n = 6) in TBC1D4 carriers. Data 
are means ± s.e.m. Data were analysed using a two-tailed paired Student’s t-test 
(c–e, g), a two-tailed non-paired Student’s t-test (h) as well as a two-way repeated 
ANOVA test (two-factor repeated) and two-tailed Student–Newman–Keuls 
post hoc analyses for multiple comparisons (b, f). Graphics in a created using 
BioRender.com. a.u., arbitrary units.
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by ~35%, clearly demonstrating whole-body insulin resistance in the 
carriers (Fig. 2e). The adipose tissue insulin-resistance index during 
fasting (Extended Data Table 1), the insulin-mediated plasma fatty acid 
(FA) suppression during the EHC (Fig. 2f) and during the initial period 
of the OGTT (Extended Data Fig. 2d), as well as the regulation of genes 
in adipose tissue related to ‘insulin signalling’ and ‘type 2 diabetes’ 
during the EHC (Extended Data Fig. 2e and Supplementary Table 1), 
were similar in the carriers and controls. The insertion of catheters 
into both femoral veins and into one femoral artery, combined with 
blood flow measurements, enabled estimation of uptake and release 
of substrates and metabolites across the leg. Indeed, severe insulin 
resistance was evident when glucose uptake was assessed across the 
leg during the EHC (~50% decreased) (Fig. 2g and Extended Data Fig. 2f). 
In a single very obese pair, leg glucose uptake was virtually without 
reaction to insulin in either the carrier or control. Indirect calorimetry 
demonstrated no difference in insulin-stimulated glucose oxidation 
rates but non-oxidative glucose disposal rates were reduced by ~67% 
in the carriers (Extended Data Fig. 2g). Taken together, the glucose 
intolerant phenotype in the carriers is caused by insulin resistance in 
skeletal muscle and not by insulin resistance in adipose and hepatic 
tissues. This distinguishes the carriers from most other insulin resist-
ant prediabetic individuals18,19. Moreover, the tissue-specific skeletal 
muscle defect in the carriers illustrates that dysregulated skeletal 
muscle glucose metabolism per se results in severe whole-body glucose 
intolerance, insulin resistance and a markedly increased risk of T2D. 
Although anticipated due to the insulin responsiveness and the large 
mass of skeletal muscle, this has not previously been documented in 
humans since most other insulin resistant states involve other organs 
as well20. Notably, our heterogeneous, but paired, participants had a 
wide BMI span and all carriers, independent of BMI, had impaired glu-
cose tolerance and decreased insulin sensitivity relative to the control 
participants. In addition, we have previously reported that the carriers 
are not characterized by higher BMI1. This indicates that lifestyle rec-
ommendations for the prevention of T2D by weight loss per se may be 
inadequate in this prediabetic population. We observed severe muscle 
and whole-body insulin resistance in humans in the absence of baseline 
hyperinsulinaemia. This indicates that severe peripheral insulin resist-
ance is not counteracted by fasting hyperinsulinaemia (which instead 
may arise as a result of hepatic insulin resistance).

To illuminate the cellular mechanisms responsible for the muscle 
insulin resistance, protein content was analysed by global unbiased 
proteomic analyses of muscle biopsy samples obtained in the rested 
and non-stimulated state. Due to low statistical power in the proteomic 
analyses, we subsequently validated some of these findings by targeted 
immunoblotting. In muscle tissue from the carriers, TBC1D4 protein 
content was reduced by more than 95% (Fig. 2h,i, Extended Data Fig. 3a 
and Supplementary Table 2). This was evident in both myosin heavy 
chain-defined type 1 and type 2 muscle fibres (Extended Data Fig. 3b–d). 
The homologous TBC1D1 protein was downregulated by ~50% in the 
carriers (Fig. 2h,i and Supplementary Table 2), which seemed evident 
in both type 1 and type 2 muscle fibres (Extended Data Fig. 3c,d). In 
human skeletal muscle, ~50% of TBC1D1 is bound to TBC1D4 (ref. 21) 
and loss of this binding might contribute to the decreased TBC1D1 
protein abundance in muscle of the carriers. However, TBC1D1 mes-
senger RNA (mRNA) levels were also lower (~30%) in muscle of the 
carriers and thus, decreased gene transcription may be involved as 
well (Supplementary Table 3).

Immunoblotting (Fig. 2h and Extended Data Fig. 3a,c,d), pro-
teomics (Fig. 2i and Supplementary Table 2) and confocal micros-
copy (Extended Data Fig. 3e) analyses revealed that the total GLUT4 
protein content was reduced by ~50% in muscle of the carriers. The 
GLUT4 (SLC2A4) mRNA levels were not reduced in muscle of the carriers 
(Supplementary Table 3), suggesting that GLUT4 protein is subjected 
to enhanced degradation in the absence of TBC1D4, which is sup-
ported by observations in cell culture systems22. Also IRAP, a bona fide 

protein associated with GLUT4 storage vesicles23–25, was downregulated 
(Fig. 2h, Extended Data Fig. 3a and Supplementary Table 2), which is in 
line with observations in a TBC1D1/TBC1D4-deficient mouse model26. 
GLUT1 protein content was normal in muscle of the carriers (Fig. 2h, 
Extended Data Fig. 3a and Supplementary Table 2), corresponding to 
findings in TBC1D4-deficient mouse and rat models26–28

The protein content of Hexokinase-II (HK-II), glycogen synthase 
(GS) and pyruvate dehydrogenase (PDH), representing key regula-
tory enzymes in glucose phosphorylation, storage and oxidation, 
were unaffected in the carriers. Also, protein content of insulin and 
exercise signalling proteins upstream of TBC1D4, including the insulin 
receptor, IRS1, Akt2 and AMP-activated protein kinase (AMPK) were 
normal in muscle of the carriers (Fig. 2h, Extended Data Fig. 3a–d and 
Supplementary Table 2).

The ability of insulin to regulate myocellular signalling was evalu-
ated by comparing muscle biopsies obtained before and at the end of 
the EHC (Fig. 3a). No defect was observed in the phospho-regulation of 
various proteins related to metabolism including Akt Thr308, p70S6K 
Thr389 and GS site 3a + 3b or in the activation of GS (Fig. 3b–h and 
Extended Data Fig. 4a–h). In human muscle, TBC1D4 is phosphoryl-
ated on multiple sites during insulin stimulation12,29,30, and accordingly 
this regulation was normal in the controls and absent in the carriers. 
Collectively, our data suggest that skeletal muscle insulin signalling 
upstream of TBC1D4 is regulated normally in the carriers. Therefore, 
the compromised insulin-stimulated glucose uptake in muscle of the 
carriers strongly suggests that the causative defect is distal to or asso-
ciated with the long isoform of TBC1D4. Within the significant top 
15 downregulated gene ontology pathways in the proteome, several 
proteins are related to vesicle trafficking and integrity (‘intracellular 
vesicle’, ‘CORVET complex’, ‘COPII vesicle coat’ and ‘trans-Golgi net-
work transport vesicles’) in accordance with the proposed function of 
TBC1D4 (Extended Data Fig. 4i and Supplementary Table 2).

Whole-body substrate oxidation during fasting, during the glu-
cose challenge and during insulin stimulation (EHC) was similar in 
both groups (Extended Data Fig. 5a,b). Also, mitochondrial proteins, 
respiration and proteins related to lipid transport and handling were 
similar between groups (Fig. 2h, Extended Data Figs. 3a and 5c and 
Supplementary Table 2). Collectively, this suggests sustained cellular 
and whole-body metabolic regulation in the carriers.

A single bout of exercise improves muscle glycogen storage31 
and sensitizes muscle glucose uptake to insulin32. Current research 
in animal models suggests that AMPK and TBC1D4 are necessary for 
this effect33–35 and it is proposed that TBC1D4 acts as a point of conver-
gence for insulin- (Akt2) and exercise-induced (AMPK) signalling that 
potentiates insulin-stimulated glucose uptake33,35–37. In the carriers, 
we thus predicted that this insulin-sensitizing effect of exercise would 
be compromised. To explore this, participants performed one-legged 
knee-extensor exercise for 1 hour (leaving the contralateral leg as a 
rested control) and subsequently underwent a 2-hour EHC that was 
initiated 3 hours into recovery. Insulin-stimulated skeletal muscle 
glucose uptake was enhanced (~45%) in the previously exercised leg 
compared to the rested leg in the control participants, demonstrat-
ing the insulin-sensitizing effect of exercise (Fig. 3i). In the carriers, 
this effect was compromised (~50%) but not completely abolished, 
that is the glucose uptake across the previously exercised leg induced 
by insulin was increased to the level observed in the rested leg of the 
controls (Fig. 3i,j and Extended Data Fig. 5d–f). Previous larger human 
cohorts and animal studies have reported that phospho-regulation of 
TBC1D4 is enhanced in recovery from exercise29,33,34,38, and particularly 
phospho-regulation of Ser704 seems critical for the insulin-sensitizing 
effect of exercise39. This was also evident in four of the five control 
participants in the present study (Fig. 3g) and suggests that phospho-
rylation of TBC1D4 is important for the insulin-sensitizing effect of 
exercise in human skeletal muscle. It is essential to highlight that the 
necessary role of TBC1D4 for muscle insulin sensitization after exercise 
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has been demonstrated in muscle with normal GLUT4 protein expres-
sion, suggesting that it is the GLUT4 redistribution and translocation 
process and not GLUT4 protein content per se that is essential for the 
insulin-sensitizing effect of exercise34,35. Moreover, phospho-regulation 

of signalling upstream of TBC1D4 (that is Akt and AMPK) as well as 
regulation of GS activity were unaffected in the carriers (Fig. 3b,d and 
Extended Data Fig. 4a–c,g,h). The fact that the insulin-sensitizing 
effect of exercise is not completely abolished in the carriers points to 
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Fig. 3 | Improvement of skeletal muscle insulin resistance by a single bout of 
exercise in homozygous TBC1D4 p.Arg684Ter variant carriers. a, Graphical 
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exercise. b–g, Phosphorylation of Akt Thr308 (b), p70S6K Thr389 (c), TBC1D4 
Thr642 (e), TBC1D1 Thr596 (f) and TBC1D4 Ser704 (g) as well as GS activity (d) 
in rested and previously exercised muscle before and at the end of the insulin 
clamp. h, Representative immunoblots. i, Average glucose uptake in the rested 
and exercised leg during the last 40 min of the insulin clamp. j, Delta leg glucose 
uptake (glucose uptake in exercised leg minus glucose uptake in a rested leg). 
*Difference (main effect) between TBC1D4 carriers and controls. ‡Difference 

(main effect) between rested and exercised leg. n = 5 (rested and exercised 
leg − insulin), n = 3 (rested leg + insulin) and n = 4 (exercised leg + insulin) in 
controls and n = 5 in TBC1D4 carriers except for GS activity with n = 4 (rested 
leg − insulin) in controls and TBC1D4 carriers (b–g). The difference in n is due 
to missing biopsies as well as depleted sample material. n = 5 in controls and 
in TBC1D4 carriers (i,j). Data are means ± s.e.m. Data were analysed using a 
two-tailed paired Student’s t-test (j) as well as a two-way repeated ANOVA test 
(two-factor repeated) and two-tailed Student–Newman–Keuls post hoc analyses 
for multiple comparisons (b–g, i). Graphics in a created using BioRender.com. 
a.u., arbitrary units.
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signalling mechanisms other than TBC1D4 contributing to this phe-
nomenon in humans. Recently, we proposed that mTORC1 is a potential 
regulator of the glucometabolic action of insulin in skeletal muscle40. 
In the present study, we observed potentiation of the insulin-induced 
phosphorylation of the mTORC1 target p70S6K Thr389 after exercise 
(Fig. 3c), aligning with our earlier observations40. This regulation was 
not different between carriers and controls. Thus, in humans mTORC1 
may contribute to the insulin-sensitizing effect of exercise.

The TBC1D4 paralogue TBC1D1 as well as GLUT4 are important for 
regulating muscle glucose uptake both during and in recovery from 
contraction37,41–44. In a transgenic animal model lacking both TBC1D4 

and TBC1D1, muscle GLUT4 protein levels were decreased by ~50% 
leading to impaired contraction-induced glucose uptake26,45. We show 
normal regulation of muscle glucose uptake in the carriers both during 
and in recovery from exercise (Fig. 4a,b). In line with this finding, leg 
blood flow, leg arterial-venous glucose difference, blood glucose and 
plasma levels of lactate, FA, insulin and catecholamines were similar 
in the carriers and controls during exercise (Extended Data Fig. 6a–h). 
We observed comparable muscle glycogen levels at rest and similar gly-
cogen use between groups (Fig. 4c). Additionally, phospho-regulation 
of various exercise-responsive enzymes and signalling components 
including GS, AMPK, ACC, TBC1D1, p38 MAPK, p70S6K and PDH were 
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Fig. 4 | Intact skeletal muscle glucose uptake and cellular signalling  
during exercise in homozygous TBC1D4 p.Arg684Ter variant carriers.  
a, Graphical representation of the one-legged knee-extensor exercise model.  
b, Leg glucose uptake during 1 h of knee-extensor exercise and 3 h recovery.  
Leg glucose uptake in a rested leg before exercise: 6.7 ± 3.5 (controls) and 6.4 ± 1.8 
(carriers) μmol min−1 kg−1 LLM. Average leg glucose uptake in a rested leg in 
exercise recovery: 4.3 ± 1.4 (controls) and 5.5 ± 1.4 (carriers) μmol min−1 kg−1 LLM. 
c,d, Skeletal muscle glycogen content (c) and GS activity (d) in a rested leg (rest) 
and exercised leg (exercise). e–l, Skeletal muscle protein phosphorylation of 

GS site 2 + 2a (Ser7 + Ser10) (e), AMPKα Thr172 (f), ACC Ser221 (g), P38 Thr180/
Tyr182 (h), TBC1D1 Ser237 (i), PDH site 1 (Ser293) (j), p70S6K Thr389 (k) and 
TBC1D4 Ser704 (l). m, Representative immunoblots. ‡Different from basal  
(time 0) and rest in both groups (main effects). n = 5 in controls and in  
TBC1D4 carriers. Data are means ± s.e.m. Data were analysed using a two-way 
repeated ANOVA test (two-factor repeated) and two-tailed Student–Newman–
Keuls post hoc analyses for multiple comparisons. Graphics in a created using 
BioRender.com. a.u., arbitrary units.
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similar between groups (Fig. 4d–k and Extended Data Fig. 6i,j). As 
expected, phospho-regulation of TBC1D4 was observed only in the 
control participants (Fig. 4l,m). Furthermore, muscle transcriptomic 
analyses revealed similar induction of key exercise-responsive genes46 
in the carriers and controls three hours into recovery from exercise 
(Extended Data Fig. 6k and Supplementary Table 3).

The lack of TBC1D4 in human skeletal muscle, concomitant with 
a ~50% reduction in both GLUT4 and TBC1D1 protein, did not compro-
mise glucose uptake and metabolic regulation during and in recovery 
from prolonged submaximal one-legged knee extension exercise. 
While we did not measure GLUT4 abundance at the cell surface mem-
brane, which is crucial for the muscle glucose transport capacity during 
exercise47, it might be speculated that the remaining 50% of GLUT4 is 
sufficient to drive glucose uptake during exercise as data have shown 
that only ~25% of the total GLUT4 pool is recruited to the cell surface 
during muscle contractions48. However, manipulation of mouse skel-
etal muscle GLUT4 and HK-II protein content suggests that glucose 
phosphorylation, rather than GLUT4 recruitment, is rate limiting for 
glucose uptake during in vivo exercise49. Thus, the normal HK-II con-
tent in the carries may secure a normal glucose uptake during and in 
recovery from exercise.

Here, we reveal the metabolic and molecular consequences of the 
TBC1D4 p.Arg684Ter variant in homozygous Greenlandic Inuit carri-
ers. The variant affects the long isoform of TBC1D4 (refs. 1,6), leading 
to a lack of TBC1D4 protein in muscle only. Carriers display a normal 
metabolic phenotype both at the whole-body level and in various 
organs except for pronounced insulin resistance in skeletal muscle. 
Dysregulation of TBC1D4 has been linked to insulin resistance because 
insulin-stimulated phosphorylation of TBC1D4 is impaired in skeletal 
muscle of individuals with obesity and T2D9–12. Animal models have 
confirmed a role of TBC1D4 for insulin-stimulated glucose uptake, par-
ticularly in muscle with decreased GLUT4 protein content22,26,27,35,50–53. 
Insulin resistance in skeletal muscle of rats lacking TBC1D4 is rescued 
by re-introducing normal GLUT4 protein levels35. We propose that 
the insulin resistance characterizing skeletal muscle lacking TBC1D4 
is primarily caused by reduced GLUT4 content, contrasting models 
with non-phosphorylatable TBC1D4 variants where insulin resistance 
is caused by disturbed GLUT4 trafficking50,51. In primary adipocytes 
lacking TBC1D4, the lower GLUT4 content seems to be caused by intra-
cellular GLUT4 mis-localization leading to increased lysosomal GLUT4 
protein degradation22.

Knowing the specific characteristics of the insulin resistance in 
the homozygous p.Arg684Ter carriers might be highly important to 
lifestyle guidance and prescription of medication for the prevention 
and treatment of T2D in the carriers. Commonly prescribed medica-
tions for patients who have prediabetes or T2D, such as metformin, 
GLP-1 analogues and the thiazolidinediones, do not directly target 
skeletal muscle and have only moderate and indirect effects on muscle 
insulin sensitivity18,19,54. In contrast, repeated bouts of exercise (that 
is, exercise training) is a potent stimuli of muscle insulin sensitivity 
and GLUT4 expression55, and we recently found a positive association 
between self-reported physical activity levels and glycaemic control in 
the carriers5. Thus, it may be speculated that exercise training leading to 
upregulation of GLUT4 protein rescues insulin action in the carriers. In 
light of these observations, future research should prioritize conduct-
ing dedicated studies to explain the specific mechanisms underlying 
the benefits of physical training on glycaemia in the carriers.

This study encountered certain challenges during its design and 
execution, which warrant discussion to enhance the interpretation 
and validity of our observations. Despite extensive efforts, recruiting 
additional participants to increase the sample size proved impossible 
due to the logistical constraints burdening the study. This limitation 
increases the risk of type 2 errors and warrants caution in interpreting 
results. The absolute lower insulin levels observed in carriers during 
the clamp were not significantly different and relates to the insulin level 

of one control participant. Thus, these data cannot be used to explain 
decreased insulin action in the carriers, which would contradict the out-
comes of the glucose tolerance test and would deviate from findings in 
preclinical literature. Finally, our findings suggest that muscle-specific 
insulin resistance is not compensated for by fasting hyperinsulinaemia. 
Nevertheless, it remains a possibility that this reflects compensatory 
adaptations in other organs not uncovered by our study.

Methods
Ethical approvals
The study and study protocol were approved by and complies with the 
ethical regulations of the Commission for Scientific Research in Green-
land (project no. 2016-12, document no. 4922964) and the Copenhagen 
Ethics Committee in Denmark (project no. H-18007316) and conforms 
to the declaration of Helsinki. The study was registered at Clinical Trial 
NCT 04170972 before first participant recruitment.

Recruitment in Greenland
Study participants were recruited from the Greenlandic cohort register 
called the Inuit Health in Transition (IHIT)56. Inclusion criteria were: 
females and males, 25–70 years of age, BMI 20–35 kg m−2, no medical 
treatment for T2D. No statistical methods were used to predetermine 
sample size. Sample size was determined by the available number of 
study participants carrying the TBC1D4 variant. Thus, eight homozy-
gous TBC1D4 pArg684T variant carriers and eight non-carriers were 
recruited in Greenland (Extended Data Table 1). The two groups were 
matched according to age, sex, European genetic admixture, BMI and 
physical fitness level. Five individually paired participants accepted 
an invitation for a travel from Nuuk in Greenland to Copenhagen in 
Denmark to participate in the main experimental day (description 
below). All study participants were provided oral and written study 
information after which written informed consent was obtained from 
all participants before entering the study.

Prescreening and clinical tests in Greenland
Prescreening and clinical tests in Greenland were conducted in our 
newly established clinical laboratory at Queen Ingrid’s Hospital in 
Nuuk. Fasting blood glucose (ABL90 Flex blood gas analyser, Radiom-
eter), HbA1c (Afinion), body weight and body composition (Inbody 
570) were measured during the prescreening of the homozygous car-
riers and the matched control participants. The clinical tests were 
performed across 4 days. On day 1, fasting blood samples, whole-body 
composition and gas exchanges as well as glucose tolerance tests 
were completed. On day 2, familiarization to a modified Krogh cycle 
ergometer was performed and peak pulmonary oxygen uptake was 
estimated. On day 3, a peak workload (PWL) test of the knee extensors 
was performed and on day 4 tissue biopsies were obtained. The physical 
tests were separated by at least 2 days.

Glucose tolerance was measured during a prolonged 6-h OGTT. 
One carrier experienced discomfort and did not complete the glucose 
tolerance test. After overnight fasting, participants arrived at the labo-
ratory and rested for 30 min. Oxygen uptake and respiratory exchange 
ratio (RER; reflecting substrate use) were measured during the resting 
period (Vyntus CPX, Vyaire Medical, installed with SentrySuite software 
v.3.20.8) followed by insertion of a venflon in a dorsal hand vein (Ven-
flon Pro Safety, Mediq). Following the 30 min of rest, a fasting blood 
sample was collected (time 0). Immediately after, 75 g glucose diluted 
in 250 ml water (Pharmacy, Region Hospital, Copenhagen, Denmark) 
was consumed during a 5-min period. After glucose intake, blood 
samples were collected at times of 30, 60, 90, 120, 150, 180, 240, 300 
and 360 min for measurement of blood glucose (ABL90 Flex blood gas 
analyser, Radiometer), FA and hormones. Oxygen uptake and RER were 
measured at 30, 120, 240 and 330 min.

Peak pulmonary oxygen uptake (VO2 peak) was estimated using a 
two-level submaximal cycle ergometer test (Monark ergometer cycle, 
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839E, Vansbro) with measurement of heart rate and oxygen uptake 
(Vyntus CPX, Vyaire Medical GmbH) during steady state conditions57.

Familiarization to a modified Krogh cycle ergometer, which allows 
dynamic contractions of only the knee extensor, and a PWL test of the 
knee extensors on the Krogh ergometer were performed as previously 
described58.

Participants arrived at the laboratory in the fasted state to have 
a muscle biopsy taken from m. vastus lateralis in one leg as well as 
an abdominal subcutaneous adipose tissue biopsy. Biopsies were 
obtained under local anaesthesia (~3 ml Xylocaine 2%, AstraZeneca) 
using the Bergström needle technique with suction.

Experimental day in Denmark
After the recruitment, prescreening and initial clinical tests in Green-
land, the participants were invited to Denmark for engagement in the 
main experimental day. During their stay in Denmark, all participants 
were accommodated at the same hotel in Copenhagen. Participants 
abstained from alcohol and strenuous physical activity and were on 
a standardized diet (55 E% CHO, 30 E% fat, 15 E% protein) for 3 days 
preceding the main experimental day. During the stay, lean leg mass 
(LLM) was measured by dual X-ray absorptiometry (DPX-IQ Lunar, 
Lunar Corporation) and data analysed with Lunar Prodigy Advance 
Encore software v.16.

On the experimental day, participants abstained from caffeine 
(previous 24 h) and arrived at the laboratory 1 h after having ingested 
a light breakfast (5% of daily energy intake; Greek yoghurt, blueber-
ries and almonds). After 30 min of rest, catheters were placed in both 
femoral veins and in one femoral artery (Pediatric Jugular Catheteriza-
tion set, Arrow International). The catheters were used for obtaining 
multiple blood samples from both femoral veins and artery during 
exercise, in the recovery period after exercise and during a EHC. 
This allowed estimation of arterial-venous differences of various 
substances including glucose. Arterial blood flow in both legs was 
estimated by Doppler Ultrasound (Philips iU22, ViCare Medical A/S). 
Uptake and release of substrates to/from the leg were calculated using 
Fick’s principle and related to LLM. Whole-body oxygen uptake and 
RER as well as leg substrate balance and blood flow were measured 
after 60 min of rest. A muscle biopsy was obtained from m. vastus 
lateralis from one leg (rested leg) under local anesthaesia (~3 ml of 
Xylocaine 2%, AstraZeneca) using the Bergström needle technique 
immediately before initiation of exercise. The exercise consisted of 
one-legged knee-extensor exercise for 1 h at 80% PWL leaving the 
contralateral leg as a rested control. Whole-body oxygen uptake and 
RER (at 20 and 50 min) as well as leg substrate balance and blood 
flow (at 30 and 60 min) were measured during the exercise period. 
Immediately after exercise, a muscle biopsy from the exercised leg 
was obtained. Then the participants rested in the fasted state for 3 h. 
In this period, whole-body oxygen uptake and substrate use (at 30 
and 60 min) as well as leg substrate balance and blood flow (at 15, 60, 
150 and 180 min) were measured. During the resting period, ante-
cubital catheters (Venflon Pro Safety, Mediq) were inserted in both 
arms. During the last 2 hours of the recovery period, [6,6-2H2]-glucose 
(Cambridge Isotope Laboratories) was infused with a constant rate of 
0.044 mg kg−1 min−1. By the end of the resting period, biopsies were 
obtained from m. vastus lateralis of both legs. Then a 2 h EHC was 
initiated to evaluate insulin sensitivity. The clamp was initiated by a 
bolus injection of insulin (9 mU kg−1, Actrapid, Novo Nordisk) followed 
by 120 min of constant insulin infusion (1.42 mU min−1 kg−1). Glucose 
was infused during the EHC from a 20% glucose solution enriched with 
1.9% [6,6-2H2]-glucose. The infusion rate was adjusted throughout the 
clamp to maintain euglycaemia (~5–6 mM). Blood samples were drawn 
from all three leg catheters immediately before (0 min) and during the 
EHC (20, 40, 60, 80, 100 and 120 min) and blood flow was measured 
concurrently. By the end of the clamp, muscle biopsies of m. vastus 
lateralis were obtained from both legs. In one control participant, 

a biopsy was not obtained in the rested leg by the end of the clamp 
while in another control participant, a biopsy was not obtained in the 
exercised leg by the end of the clamp. Arterial blood samples were 
obtained by the end of the rest period, by 30 and 120 min of the EHC 
for estimation of the enrichment of [6,6-2H2]-glucose used to calculate 
hepatic glucose production.

The investigators were not blinded to the group allocation 
(TBC1D4 variant versus control) because all study participants were 
genotyped before entering the study. Part of the data collection was 
performed blinded including blood analyses of hormones, enzyme 
activities, mitochondrial respirometry, GLUT4 imaging, RNA sequenc-
ing (RNA-seq) and proteomics while other parts of the data collection 
were performed non-blinded including immunoblotting analyses. 
Randomization was not applied because all participants underwent 
the same experimental procedure.

Western blotting on skeletal muscle homogenates, lysates and 
single fibres
Homogenate and lysate SDS–PAGE and western blot analyses were 
performed as previously described59. In short, an aliquot of each mus-
cle biopsy sample was prepared and boiled in Laemmli buffer before 
being subjected to SDS–PAGE on self-cast Tris-HCl polyacrylamide 
gels. Proteins were transferred to a polyvinyl difluoride membrane 
(Immobilon Transfer Membranes; Millipore) by semidry blotting. 
Membranes were blocked in TBST (10 mM Tris-base, 150 mM NaCl 
and 0.25% Tween 20) containing low fat milk (2–3%) protein or bovine 
serum albumin (BSA; 3%) and then probed with primary antibodies and 
appropriate secondary antibodies. The antibodies used are listed in 
Supplementary Table 4. Protein bands were visualized using enhanced 
chemiluminescence (Immobilon Forte Western HRP substrate, Mer-
ckMillipore or SuperSignal West Femto Maximum Sensitivity Sub-
strate, ThermoFisher Scientific), and a ChemiDoc MP imaging system  
(BioRad). Band quantification was performed using BioRad Image  
Lab v.6.0.1. To ensure uniformity, individual samples, standards 
and protein ladder from different gels were transferred to a single 
membrane for subsequent quantification and statistical analyses. 
Some membranes were stripped in a buffer containing 100 mM 
2-mercaptoethanol, 2% SDS and 62.5 mM Tris-HCl. After checking 
for successful removal of the primary antibody, the membranes were 
reprobed with a new primary antibody. Single fibre preparation, fibre 
type determination, myosin heavy chain distribution and western blot 
analysis on pooled single fibres from each participant were performed 
as previously described60. All membranes used for western blotting on 
lysates, homogenates and single fibres were checked for equal total 
protein loading and transfer by Coomassie or membrane stain kit 
(MemCode Reversible Protein Stain Kit, Thermo Scientific, no. 24585).

Blood analyses
Blood glucose and lactate levels were measured by a blood gas analyser 
(ABL800 FLEX, Radiometer). For [6,6-2H2]-glucose, plasma enrichment 
of [6,6-2H2]-glucose was measured using liquid chromatography mass 
spectrometry as previously described61. The concentration of FA (NEFA 
C kit, Wako Chemicals), triacylglycerol (GPO-PAP kit, Roche Diagnos-
tics), glycerol (Randox) and total, HDL and LDL cholesterol (Roche 
Diagnostics) in plasma were measured using colorimetric methods 
on an autoanalyser (Pentra C400, Horiba Medical). For insulin, plasma 
concentrations were measured by enzyme-linked immunosorbent 
assay (ELISA) (no. 80-INSHU-E01.1, ALPCO). For C-peptide, plasma 
concentrations were measured by ELISA (ALPCO). The plasma con-
centrations for glucagon (cat. no. 10-1271-01), total GLP-1 (cat. no. 
10-1278-01) and total GIP (cat. no. 10-1258-01) were quantified by ELISA 
in duplicate (Mercodia) and run on a SpectraMax iD3. For adrenalin 
and noradrenalin, the plasma concentrations were measured using a 
2-CAT Plasma ELISAHigh Sensitive kit (Labor Diagnostika Nord GmbH & Co). 
For cortisol and growth hormone, the plasma concentrations were 
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measured using antibody-based assays (Elecsys Cortisol II and Elecsys 
hGH) automated on a Cobas 8000 (Roche).

Glycogen content
Muscle glycogen content was measured in muscle homogenates as 
glycosyl units after acid hydrolysis62.

GS activity
GS activity was measured in homogenates as previously described63 and 
presented as the %I-form (enzyme activity assayed in the presence of 
0.02 mM glucose-6-phosphate (G6P) given relative to enzyme activity 
in the presence of saturating conditions (8 mM G6P)).

GLUT4 imaging
Immediately after the muscle biopsy procedure, a piece of the muscle 
was immersed in an ice-cooled 0.1 M sodium phosphate buffer solution 
(pH 7.4) containing 4% paraformaldehyde and 0.05% glutaraldehyde 
for fixation. On ice, the muscle samples were finely divided into smaller 
bundles of <30 fibres and incubated shaking for 4 h. Fixed samples were 
stored in phosphate buffer containing 1% paraformaldehyde and 50% 
glycerol at 4 °C until use. For staining, four to six individual fibres were 
teased out from the fixed fibre bundles with fine forceps and blocked 
for 2 h in PBS containing 5% goat serum, 1% BSA and 0.04% saponin and 
then incubated overnight with primary antibody raised against GLUT4 
(rabbit polyclonal; no. PA5-23052; lot WJ3403509, Thermo Scientific). 
Next day, fibres were washed three times for 10 min in PBS containing 
0.04% saponin and incubated with secondary antibody conjugated to 
Alexa 568 for 2 h followed by another three times for 10 min to wash. 
Subsequently, the fibres were mounted in Vectashield (Vector Labora-
tories, Inc.). Images were collected using a LSM710 (Carl Zeiss) through 
a ×63/1.40 oil DIC III Plan-Apochromat objective at 20 °C and Zeiss 
Zen Black 2012 software. Total GLUT4 content was quantified using 
ImageJ64. Image collection and quantification were performed blinded.

Mitochondrial respirometry in permeabilized muscle fibres
Skeletal muscle mitochondrial respiration was measured in a subset of 
the study participants (n = 5 per group). A portion of the muscle biop-
sies was placed in ice-cold BIOPS buffer (50 mM MES, 7.23 mM Ca-EGTA, 
2.77 mM CaK2EGTA, 20 mM imidazole, 20 mM taurine, 5.7 mM ATP, 
14.3 mM phosphocreatine, 6.56 mM MgCl2, pH 7.1). Muscle fibres were 
then divided into bundles of 1–3 mg and teased out using fine forceps 
to minimize oxygen diffusion limitations during respirometry. Fibres 
were permeabilized in 30 µg ml−1 saponin for 30 min at 4 °C followed 
by washing in ice-cold mitochondrial respiration buffer (0.5 mM EGTA, 
3 mM MgCl2, 60 mM lactobionate, 20 mM taurine, 10 mM KH2PO4, 
20 mM HEPES and 110 mM d-sucrose, with 1 g l−1 BSA) for 30 min before 
analysis. We analysed oxygen consumption in duplicates using the 
Oxygraph-2k system (Oroboros Instruments, installed with Oroboros 
Datlab v.7.0) at 37 °C with O2 concentration kept at 200–450 µM.

The respirometry protocol consisted of sequential addition of 
5 mM pyruvate, 10 mM glutamate and 2 mM malate followed by addi-
tion of 4 mM ADP to assess Complex I-linked state 3 respiration. This 
was followed by addition of cytochrome C as a quality control for outer 
mitochondrial membrane integrity. Maximal Complex I + II-linked 
state 3 respiratory capacity was measured by addition of 10 mM suc-
cinate, which was followed by addition of FCCP and subsequently 
0.5 µM rotenone to assess maximal uncoupled respiration (that is, 
maximal electron transfer capacity) supported by either Complex 
I + II or Complex II alone.

Given that the Inuit population may have been under selec-
tive pressure towards enhanced fat oxidation capacity, the TBC1D4 
p.Arg684Ter variant may have mitochondrial effects that are unique 
to fat oxidation. Therefore, the respirometry protocol was repeated 
with the additional presence of FAs (0.04 mM palmitoylcarnitine and 
0.5 mM octanoylcarnitine).

RNA-seq
RNA was purified from roughly 12 mg wet weight skeletal muscle 
and roughly 50 mg wet weight subcutaneous abdominal adipose 
tissue. Using a Retsch TissueLyserII (Qiagen) frozen muscle and adi-
pose tissue was homogenized in 700 and 1,200 µl of TRIzol (Ther-
moFisher), respectively. After purification, the RNA was dissolved 
in 0.1 mM EDTA in DEPC with 1 µl mg−1 for muscle tissue and 10 µl in 
total for all adipose samples. One microlitre of each sample was used 
for determination of RNA concentration and integrity in an Agilent 
2100 bio-analyser (Agilent). The RNA-seq data quality was assessed 
using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). The raw paired-end sequencing data match the expectation 
for human RNA-seq data, with the exception of sample 2F, which had 
elevated GC content with a mode at 61% GC. Sequencing data for each 
sample were aligned to the human reference genome (GRCh38.p13) 
indexed with Gencode (v.34) using STAR (v.2.7.9a, default param-
eters)65. Sample 2F was excluded from downstream analyses as the 
expected GC content with a mode ~42–46% could not be recovered 
after mapping. To ensure the RNA integrity, we quantified the RNA 
degradation (TIN score) for each sample66. Due to a low TIN score 
<60, sample 33F was excluded from downstream analyses. For the 
remaining 54 samples, gene count and transcripts per million quan-
tification were obtained using RNA-SeQC2 (v.2.3.4, default param-
eters) considering only uniquely mapped reads67. In total, 58,264 
transcripts were quantified. All RNA-seq data after preprocessing 
from both adipose tissue and muscle biopsies were analysed with 
DESeq2 (ref. 68) in R v.4.0.2 (https://www.R-project.org/) using stand-
ard recommended settings as given in the DESeq2 documentation  
wherever possible.

Proteomics
Sample preparation. Frozen muscle biopsies (~20 mg wet weight) 
were ground in liquid nitrogen with a mortar and pestle. The ground 
biopsies were lysed in 200 µl of 6 M GdmCl/100 mM Tris pH 8.5, 
sonicated (5 min, 90% amplitude, 2 s/5 s pulses, 4 °C) in a Q800R2 
(QSonica) and immediately boiled (95 °C, 5 min). Lysates were soni-
cated (1 min, 90% amplitude, 5 s/5 s pulses, 4 °C) and centrifuged at 
20,000g for 5 min. Supernatants were reduced and alkylated with 
10 mM TCEP/40 mM CAA (5 min at 45 °C followed by 40 min at room 
temperature). Protein was precipitated with chloroform:methanol  
(4:8 volumes of the supernatant), and pellets were resolubilized with 
1% SDC/100 mM Tris pH 8.5. Protein concentration was determined 
with a BCA assay, and 80 µg of each sample was digested with 1:50 
trypsin and Lys-C (37 °C, 2,000 rpm, 18 h). Peptides were diluted 
1:1 in water and then cleaned up on 6× SDB–RPS stage tips with two 
washes in 1% trifluoroacetic acid (TFA) 99% ethyl acetate, followed by 
a wash in 1% TFA 99% isopropanol then 0.2% TFA 5% acetonitrile (ACN).  
Peptides were eluted in 0.125% NH4OH 60% ACN, then concentrated 
under vacuum (45 °C, 90 min).

High-pH reverse phase fractionation. Peptides from each muscle 
biopsy were fractionated as described69 with minor modifications. 
Peptides were resuspended in 100 μl of MS loading buffer (2% ACN 0.3% 
TFA) and fractionated using a Dionex UltiMate 3000 high-performance 
liquid chromatography (HPLC) using an XBridge Peptide BEH C18 
column (130 Å, 3.5 μm, 2.1 × 250 mm). The column was maintained 
at 50 °C during fractionation. Buffer A comprised 10 mM ammonium 
formate/2% ACN and buffer B 10 mM ammonium formate/80% ACN. 
Both buffers were adjusted to pH 9.0 with NH4OH. Peptides were sepa-
rated with a gradient of 10–40% buffer B over 4.4 min, followed by 
40–100% buffer B over 1 min. Seventy-two fractions were collected with 
concatenation during collection after 24 samples, such that fractions  
1, 25 and 49 were pooled (as were fractions 2, 26 and 50 and so on).  
After fraction collection samples were dried down directly in the 
deep-well plate using a vacuum concentrator.
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DIA LC–MS/MS analysis. Fractionated peptides were resuspended 
in 5 µl MS loading buffer (2% ACN 0.3% TFA) and loaded onto a 150 µm 
ID × 15 cm column packed in-house with 1.9 μm of C18 material (Repro-
Sil Pur AQ C18, Dr. Maisch, GmbH) using an EvoSep HPLC. Column 
temperature was maintained at 60 °C using a column oven (Sonation). 
An EvoSep One (EvoSep) HPLC was interfaced with an Orbitrap Exploris 
480 mass spectrometer (ThermoFisher Scientific) and peptides were 
separated using a binary buffer system comprising 0.1% formic acid 
(buffer A) and ACN plus 0.1% formic acid (buffer B) using the stand-
ard 30 samples per day method, resulting in MS acquisition times of 
44 min plus overheads of ~2 min per sample. Peptides were analysed 
with one full scan (350–1,400 m/z, R = 120,000) at a target of 3 × 106 
ions, followed by 48 data-independent acquisition (DIA) MS/MS scans 
(350–1,022 m/z) with higher energy collisional dissociation (target 
3 × 106 ions, max injection time 22 ms, isolation window 14 m/z, 1 m/z 
window overlap, normalized collision energy (NCE) 25%), with frag-
ments detected in the Orbitrap (R = 15,000).

RAW data processing. RAW data was analysed using MaxQuant 
(v.2.1.3.0), with searches performed against the Human UniProt Refer-
ence database (May 2021) using Discovery DIA libraries as described70. 
Default settings were used, with the addition of the ‘match between 
runs’ setting for adjacent and/or matching fractions (matching time 
window 0.7) and intensity-based absolute quantification.

Statistics and bioinformatics
General information. No data points were removed from the analysis. 
However, there are missing data points due to insufficient tissue avail-
ability related to smaller tissue biopsies. Data distribution was assumed 
to be normal but was not formally tested given the small sample size. 
Due to the low sample size in our data, we found it inappropriate to 
disaggregate our data for sex. Investigators were blinded during data 
analysis but not blinded during the statistical analyses.

RNA-seq. To test for differential expression, DESeq2 relies on a linear 
regression model, which was performed several times with different 
settings but always with the pairing scheme as a cofactor. This gave rise 
to the three distinct datasets presented in Supplementary Tables 1 and 
3. In that order, the data were obtained as follows: differential expres-
sion data obtained from RNA-seq of the adipose tissue samples with or 
without insulin stimulation were derived using DESeq2 linear regres-
sion with P values obtained from the interaction between TBC1D4 con-
trol or carrier and clamp before or after using the participant-pairing 
scheme as a cofactor (Supplementary Table 1). The RNA-seq of the 
skeletal muscle tissues of TBC1D4 controls and carriers gave rise to 
two datasets obtained by twice applying the linear regression models 
of DESeq2. First, P values were obtained from data at rest before exer-
cise by comparing TBC1D4 reference versus carriers using the pairing 
scheme as a cofactor (Supplementary Table 3). Second, P values were 
obtained from the interaction between TBC1D4 reference or carriers 
and exercise before or after using the participant-pairing scheme as 
a cofactor (Supplementary Table 3). A gene set enrichment analysis 
(GSEA)71,72 was performed using the classical preranked approach on 
the rankings provided by the P values from the three models described 
above. The analysis was performed using the GSEA tool (v.4.3.2) 
(https://www.gsea-msigdb.org/gsea) with default settings on the Kyoto 
Encyclopedia of Genes and Genomes database gene set (https://data.
broadinstitute.org/gsea-msigdb/msigdb/release/2023.1.Hs/c2.cp.
kegg.v2023.1.Hs.symbols.gmt).

Proteomics. Protein intensities were log-transformed and 
median-normalized. To test for differential protein abundances 
between participants with and without the TBC1D4 p.Arg684Ter vari-
ant, paired t-tests were performed with participant pairing according 
to the matched carriers and controls. Empirical Bayes moderated 

t-statistics were calculated, implemented in the LIMMA R package73. 
P values were adjusted for multiple hypothesis testing with the Ben-
jamini–Hochberg method74. To calculate enrichment of regulated 
proteins in Gene Ontology Cellular Components, a modified weighted 
GSEA method was used, as implemented in the ksea R package75.

Other statistical analyses. Statistical analyses of data not related to 
proteomics and RNA-seq were performed using SigmaPlot software 
(v.4.0, SYSTAT). Data are presented as means ± s.e.m. unless stated oth-
erwise and all bar graphs are presented with individual values. Paired 
and unpaired Student’s t-tests were used for two-group comparisons. 
Two-way repeated analysis of variance (ANOVA) tests (one or two-factor 
repeated) were used to compare two independent variables followed by 
Student–Newman–Keuls post hoc analyses for multiple comparisons. 
Statistical significance was defined as P < 0.05. Before commencing 
the study, meticulous efforts were made to individually match par-
ticipants in pairs, taking into account various parameters known to 
have an influence on the study’s outcome. As a consequence of this 
pre-established pairing, we performed paired statistical analyses on 
the dataset, thereby ensuring that comparisons were made within the 
context of these individually matched pairs. This statistical procedure 
has been validated by independent statisticians at the Department of 
Mathematical Sciences, University of Copenhagen.

Calculations. The adipose tissue insulin-resistance index was cal-
culated as (fasting serum insulin (µU ml−1)) × (log(fasting serum FA 
(µmol l−1)76. ISI0,120 (insulin sensitivity index) was calculated as described 
previously77. The HOMA-IR index was calculated as (fasting serum 
insulin (µU ml−1)) × (fasting plasma glucose (mM l−1))/22.5. Genetic 
EU-admixture was assessed as previously described1 and leg glucose 
uptake was calculated as (arterial blood flow (l min−1)) × (arterial-venous 
glucose difference (mM l−1)) and related to the leg lean mass (kg).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
RAW data and processed output tables have been deposited in 
the PRIDE proteomeXchange repository and can be accessed at 
https://www.ebi.ac.uk/pride/ with the accession PXD045301. Raw 
RNA-seq reads produced in this work have been deposited to the 
European Genome-phenome Archive database, accession number 
EGAD50000000059. Source data are provided with this paper. All 
other data that support the findings of this study are available from the 
corresponding author upon reasonable request to ensure confidential-
ity and privacy for the study participants.
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Extended Data Fig. 1 | Gut hormones during an extended oral glucose 
challenge in homozygous TBC1D4 p.Arg684Ter variant carriers.  
a, b, Plasma levels of GIP (a) and GLP-1 (b) during an extended (6-h) oral glucose 
tolerance test (OGTT). ‡Different from basal (time = 0) in both groups.  

Three symbols = P < 0.001. n = 8 in Controls and n = 7 in TBC1D4 carriers.  
Data are means ± SEM. Data were analyzed using a two-way repeated ANOVA test 
(one factor repeated) and two-tailed Student–Newman-Keuls post hoc analyses 
for multiple comparisons.
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Extended Data Fig. 2 | Glycemic markers, oxidative and non-oxidative 
glucose disposal as well as adipose tissue GSEA during euglycemic-
hyperinsulinemic clamp conditions in homozygous TBC1D4 p.Arg684Ter 
variant carriers. a, Basal (Pre-clamp) endogenous glucose rate of appearance 
(Ra). b, c, Blood glucose levels (b) and plasma insulin concentrations (c) during 
the insulin clamp. d, Plasma fatty acids during an extended (6-h) oral glucose 
tolerance test (OGTT). e, RNA Gene Set Enrichment Analysis (GSEA) in adipose 
tissue obtained at the end of the insulin clamp with number of genes included in 
the gene set indicated by ‘Size’, Enrichment Score indicated by ‘ES’, Normalized 
Enrichment Score indicated by ‘NES’, Nominal P Value indicated by ‘NOM p-value’ 
and False Discovery Rate indicated by ‘FDR q-value’. f, Leg glucose uptake during 

the 120 min insulin clamp. g, Glucose disappearance rate displayed as  
oxidative and non-oxidative glucose metabolism during the insulin clamp  
steady state period (90 min). ‡Different from basal (time = 0) in both groups  
(line indicates main effect). *Difference between TBC1D4 carriers and Controls. 
One symbol = P < 0.05, two symbols = P < 0.01 and three symbols = P < 0.001. 
n = 5 in both groups (a–c, f, g) and n = 8 in Controls and n = 7 in TBC1D4 carriers 
(d). Data are means ± SEM. Data were analyzed using a two-tailed paired students 
t-test (a, g) as well as a two-way repeated ANOVA test (one factor repeated (d) 
and two factor repeated (b, c)) and two-tailed Student-Newman-Keuls post hoc 
analyses for multiple comparisons (b–d). Statistical analyses were not applied to 
data in panel f. LLM, leg lean mass. AU, arbitrary units.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Muscle fiber type-specific protein content and GLUT4 
immunostaining in muscle fibers from homozygous TBC1D4 p.Arg684Ter 
variant carriers. a, Representative immunoblots for data related to figure 
panel 2 h. b, c, Distribution of Myosin Heavy Chains (MHC) (b) and regulatory 
metabolic (c) proteins in MHC-defined type 1 and type 2 skeletal muscle fiber 
bundles. d, Representative immunoblots. e, Quantification of GLUT4 imaging 

by confocal microscopy of isolated skeletal muscle fibers. n = 7 in Controls and 
n = 6 in TBC1D4 carriers (b, c). n = 15 fibers obtained from 3 subjects (4 to 6 fibers/
subject) in each group (e). Data are means ± SEM. Data were analyzed using a two-
tailed non-paired students t-test (e) as well as a two-way repeated ANOVA test 
(one factor repeated) and two-tailed Student-Newman-Keuls post hoc analyses 
for multiple comparisons (b, c). AU, arbitrary units. Scale bar in panel e is 10 µm.
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Extended Data Fig. 4 | Insulin- and AMPK-related signaling is not 
compromised in skeletal muscle from homozygous TBC1D4 p.Arg684Ter 
variant carriers after a single bout of exercise. a–g, Skeletal muscle protein 
phosphorylation of Akt Ser473 (a), GS site 2 + 2a (Ser7 + Ser10) (b), GS site 3a + 3b 
(Ser640 + Ser644) (c), TBC1D4 Ser318 (d), TBC1D4 Ser341 (e), TBC1D4 Ser588 
(f) and AMPKα Thr172 (g) in rested and prior exercised muscle before and at the 
end of the insulin clamp. h, Representative immunoblots. i, The top 15 up- and 

downregulated Gene Ontology (GO) pathways of the proteome. n = 5 (Rested 
and Exercised leg – insulin), n = 3 (Rested leg + insulin), and n = 4 (Exercised leg 
+ insulin) in Controls and n = 5 in TBC1D4 carriers (a–g). The difference in n is 
due to missing biopsies as well as depleted sample material. n = 5 (i). Data are 
means ± SEM. Data were analyzed using a two-way repeated ANOVA test (two 
factor repeated) and two-tailed Student-Newman-Keuls post hoc analyses for 
multiple comparisons (a–g). AU, arbitrary units. LLM, leg lean mass.
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Extended Data Fig. 5 | Leg glucose uptake, blood flow and arterial-venous 
glucose difference during euglycemic-hyperinsulinemic clamp conditions  
as well as whole-body substrate utilization and mitochondrial respiration  
in permeabilized muscle fibers from homozygous TBC1D4 p.Arg684Ter 
variant carriers. a, b, Respiratory Exchange Ratio (RER) during an extended  
(6-h) oral glucose tolerance test (OGTT) (a) as well as before and at the end  
of the insulin clamp (b). c, Mitochondrial respiration rate (O2 flux) in 
permeabilized muscle fibers in the presence or absence of acylcarnitines 

(palmitoylcarnitine/octanoylcarnitine). d–f, Glucose uptake (d), blood flow  
(e) and arterial-venous glucose difference (f) in the prior rested and exercised  
leg during the 120 min insulin clamp. ‡Different from fasting in both groups.  
n = 5 in both groups (b–e) and n = 8 in Controls and n = 7 in TBC1D4 carriers (a). 
Data are means ± SEM. Data were analyzed using a two-way repeated ANOVA  
test (one factor repeated (a) and two factor repeated (b–e)) and two-tailed 
Student-Newman-Keuls post hoc analyses for multiple comparisons (a–e).  
LLM, leg lean mass.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Leg blood flow, leg arterial-venous glucose difference, 
blood glucose, plasma hormones and skeletal muscle genes are regulated 
similarly in Controls and homozygous TBC1D4 p.Arg684Ter variant 
carriers during and in recovery from exercise. a, b, Leg blood flow (a) and 
leg arterial-venous glucose difference during 1 h of knee-extensor exercise and 
3 h recovery. c–h, Concentrations of blood glucose (c), plasma adrenaline (d), 
plasma noradrenaline (e), blood lactate (f), plasma insulin (g) and plasma fatty 
acids (h) before, during and 3 h into recovery from exercise. i, j, Skeletal muscle 
protein phosphorylation of glycogen synthase (GS) site 3a + 3b (i) and pyruvate 
dehydrogenase (PDH) site 2 (Ser300) (j) in the previously rested leg (Rest) as 
well as immediately after exercise in the exercised leg (Exercise). Representative 
immunoblots are shown below the data panels. k, Regulation of selected skeletal 
muscle genes 3 h into recovery from exercise in Controls and TBC1D4 carriers. 

The selected genes have previously been reported top exercise responsive 
with acute aerobic exercise (see ref. 46 in main article). The selected genes 
are indicated by “Gene”, while the Log2 Fold Changes of the exercise response 
between Controls and TBC1D4 carriers are indicated by “Log2 FC”. Positive values 
indicate a higher exercise response in TBC1D4 carriers than in Controls, while 
negative values indicate a lower exercise response in TBC1D4 carriers than in 
Controls. The nominal p values are indicated by “p value”, while the adjusted p 
values used to correct for multiple testing are indicated by “p adj”. ‡Different 
from Rest (time=0) within both groups. n = 5 in Controls and in TBC1D4 carriers. 
Data are means ± SEM. Data were analyzed using a two-way repeated ANOVA 
test (two factor repeated: time/group and genotype) and two-tailed Student-
Newman-Keuls post hoc analyses for multiple comparisons. AU, arbitrary units.
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Extended Data Table 1 | Clinical characteristics

Data represent means ± SEM. BMI, Body mass index. VO2 peak, maximum rate of oxygen consumption. HOMA-IR, Homeostatic Model Assessment for Insulin Resistance. HbA1c, hemoglobin 
A1c. ISI, Insulin Sensitivity Index. FA, fatty acids. TG, triacylglycerol. HDL, high density lipoprotein. LDL, low density lipoprotein. Adipose-IR: Adipose tissue Insulin-Resistance index. Data 
were analyzed using an unpaired t-test. (*)P = 0.077; *P < 0.05; **P < 0.01; ***P < 0.001 Difference between Controls and TBC1D4 carriers. #; n = 6 in Controls and n = 6 in TBC1D4 carriers. ##; n = 7 in 
TBC1D4 carriers.
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Extended Data Table 2 | Clinical characteristics of subjects participating in the experimental day in Denmark

Data represent means ± SEM. BMI, Body mass index. VO2 peak, maximum rate of oxygen consumption. HbA1c, hemoglobin A1c. Data were analyzed using a paired t-test except for data on ‘2-h 
blood glucose’ that were analyzed using an unpaired t-test due to a missing value in the TBC1D4 carriers. *P < 0.05 and (*)P = 0.058; Different from Controls. #; n = 4 in TBC1D4 carriers.

http://www.nature.com/natmetab






α

α

α



α

α

α




	Skeletal muscle from TBC1D4 p.Arg684Ter variant carriers is severely insulin resistant but exhibits normal metabolic respon ...
	Methods

	Ethical approvals

	Recruitment in Greenland

	Prescreening and clinical tests in Greenland

	Experimental day in Denmark

	Western blotting on skeletal muscle homogenates, lysates and single fibres

	Blood analyses

	Glycogen content

	GS activity

	GLUT4 imaging

	Mitochondrial respirometry in permeabilized muscle fibres

	RNA-seq

	Proteomics

	Sample preparation
	High-pH reverse phase fractionation
	DIA LC–MS/MS analysis
	RAW data processing

	Statistics and bioinformatics

	General information
	RNA-seq
	Proteomics
	Other statistical analyses
	Calculations

	Reporting summary


	Acknowledgements

	Fig. 1 Homozygous TBC1D4 p.
	Fig. 2 Compromised peripheral glucose disposal during EHC conditions but normal liver and adipose tissue regulation in homozygous TBC1D4 p.
	Fig. 3 Improvement of skeletal muscle insulin resistance by a single bout of exercise in homozygous TBC1D4 p.
	Fig. 4 Intact skeletal muscle glucose uptake and cellular signalling during exercise in homozygous TBC1D4 p.
	Extended Data Fig. 1 Gut hormones during an extended oral glucose challenge in homozygous TBC1D4 p.
	Extended Data Fig. 2 Glycemic markers, oxidative and non-oxidative glucose disposal as well as adipose tissue GSEA during euglycemic-hyperinsulinemic clamp conditions in homozygous TBC1D4 p.
	Extended Data Fig. 3 Muscle fiber type-specific protein content and GLUT4 immunostaining in muscle fibers from homozygous TBC1D4 p.
	Extended Data Fig. 4 Insulin- and AMPK-related signaling is not compromised in skeletal muscle from homozygous TBC1D4 p.
	Extended Data Fig. 5 Leg glucose uptake, blood flow and arterial-venous glucose difference during euglycemic-hyperinsulinemic clamp conditions as well as whole-body substrate utilization and mitochondrial respiration in permeabilized muscle fibers from ho
	Extended Data Fig. 6 Leg blood flow, leg arterial-venous glucose difference, blood glucose, plasma hormones and skeletal muscle genes are regulated similarly in Controls and homozygous TBC1D4 p.
	Extended Data Table 1 Clinical characteristics.
	Extended Data Table 2 Clinical characteristics of subjects participating in the experimental day in Denmark.




