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Abstract— Skeletal muscles mainly contribute to the emergence of insulin resistance, impaired glucose tolerance and the 
development of type  2 diabetes. Molecular mechanisms that regulate glucose uptake are diverse, including the insulin-
dependent as most important, and others as also significant. They involve a wide range of proteins that control intracellular 
traffic and exposure of glucose transporters on the cell surface to create an extensive regulatory network. Here, we highlight 
advantages of the omics approaches to explore the insulin-regulated proteins and genes in human skeletal muscle with varying 
degrees of metabolic disorders. We discuss methodological aspects of the assessment of metabolic dysregulation and mo-
lecular responses of human skeletal muscle to insulin. The known molecular mechanisms of glucose uptake regulation and 
the first results of phosphoproteomic and transcriptomic studies are reviewed, which unveiled a large-scale array of insulin 
targets in muscle cells. They demonstrate that a clear depiction of changes that occur during metabolic dysfunction requires 
systemic and combined analysis at different levels of regulation, including signaling pathways, transcription factors, and gene 
expression. Such analysis seems promising to explore yet undescribed regulatory mechanisms of glucose uptake by skeletal 
muscle and identify the key regulators as potential therapeutic targets. 
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INTRODUCTION

Currently, 15-25% of adult population are diagnosed 
with obesity in most of the European countries. Accord-
ing to WHO estimates, more than 40% of their population 
will have excessive body weight by 2030. Obesity is the 
main risk factor for emergence of insulin resistance (IR), 
which leads to the development of hyperglycemia and 

type  2 diabetes (T2DM), vascular dysfunction, kidney 
and vision impairments, cardiovascular and oncological 
complications [1, 2]. This underlies the systemic and in-
terrelated nature of metabolic disorders, imposing restric-
tions on their studies directly in humans. IR is manifested 
as an impaired capacity of tissues to absorb glucose from 
the blood in response to insulin. In terms of plasma glu-
cose regulation, the main targets of insulin are the liver, 
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fat, and skeletal muscle tissues. Normally skeletal muscles 
make up 30-40% of the body mass. Even at rest they ac-
count for up to 80% of insulin-dependent glucose uptake 
[3]. This indicates the exclusive role of skeletal muscle in 
the development of metabolic disorders and emphasizes 
importance of studying the molecular mechanisms of IR 
development in this tissue.

Studying differences in metabolic parameters in skel-
etal muscle biopsies taken from individuals with different 
levels of metabolic disorders allows identifying the most 
pronounced changes in the expression and/or activity of 
enzymes and signaling proteins. Animal models including 
gene knockout and transgenic animals allow to expand 
experimental capabilities and compare dynamics of mo-
lecular and pathophysiological changes [4, 5]. However, 
increasing evidence reveals differences in metabolism be-
tween rodents and humans. In addition, animals are re-
sistant to T2DM development. In particular, the lifespan 
of rodents is too short to reach the end stages of T2DM. 
Therefore, the results obtained in animal models must be 
cautiously translated to humans [6]. Finally, cell models 
are very useful for studying the dynamics of intracellu-
lar responses, including signal responses to insulin and 
other stimuli [7,  8]. They are convenient for modeling 
individual stages of T2DM pathogenesis (such as hyper-
lipidemia, hyperinsulinemia, or hyperglycemia) [9-11] 
and to explore epigenetic changes that occur in obesity 
and T2DM [12-15].

It became recently clear that insulin activates a large 
number of signaling molecules in cells that are integrated 
into an extended network [7,  8]. Also became apparent 
a large-scale pattern of molecular changes that accom-
pany IR appearance and progression of T2DM [16, 17]. 
The omics approaches grow important for studying mul-
ticomponent signaling systems in cells. They allow si-
multaneous monitoring of thousands of molecular events 
associated with changes in the content of proteins and 
metabolites, their modification, gene expression, epig-
enome, and metabolome. Comprehensive bioinformatic 
processing of these “big data” allows to track down caus-
ative relationships and clue in the key molecular mecha-
nisms and regulators, which altered function is associated 
with the development of metabolic disorders.

This review focuses on the results of only a few stud-
ies so far that have attempted to link the molecular chang-
es in skeletal muscle to progression of systemic metabol-
ic disorders in the humans and animals. We first discuss 
the means for assessment of systemic IR and comparative 
analysis of the changes associated with the development 
of IR and T2DM. To highlight the large scale of these 
changes even at the primary molecular level, intracellu-
lar pathways of glucose uptake regulation are discussed. 
Finally, we review the current high-throughput results 
and their potential to create comprehensive framework 
of these changes, which could help identify the relevant 
therapeutic targets.

ASSESSEMENT 
OF SYSTEMIC INSULIN SENSITIVITY

There is still no clear picture of the molecular chang-
es, including in skeletal muscle, during T2DM develop-
ment. This is because these changes are many and inter-
connected, do not occur discretely, but develop gradually 
with time and vary according to individual characteristics 
of a person. Studying their dynamics involves analysis of 
biopsy samples from volunteers stratified by the degree of 
metabolic alterations. For this purpose, reference indica-
tors have been determined and generally accepted, based 
on the data from many clinical studies [18-20]. They are 
the fasting levels of insulin or glucose in the blood plasma 
(i.e., before the start of glucose tolerance test), the blood 
glucose after 2  h of glucose tolerance test, and glycated 
hemoglobin (A1C). Patients are stratified based on these 
indicators or their combinations (see below).

Obesity associated with accumulation of mostly vis-
ceral fat is the main risk factor for the development of 
metabolic disorders, IR and T2DM [18]. This condition 
is associated with chronic excessive food intake (so-called 
Western diet) and reduced energy expenditure because of 
a sedentary lifestyle. Clinical manifestations are usually 
long absent [21, 22]. Progressive obesity leads to impaired 
fat metabolism, development of latent inf lammation in 
adipose tissues, and adipocyte dysfunction [23, 24]. This 
includes decreased secretion of adiponectin, which sensi-
tizes cells to insulin, while secretion of pro-inf lammato-
ry cytokines and lipolysis in adipose tissue increase. As a 
result, levels of free fatty acids and triglyceride-rich lipo-
proteins in the blood plasma increase, leading to accumu-
lation of ectopic fat in visceral tissues including skeletal 
muscle [21, 25, 26]. These factors are considered as the 
main triggers of IR in skeletal muscle [16, 27].

IR can persist for years in a latent form without clin-
ical manifestations. This is because the increased secre-
tion of insulin compensates for reduced cell responses thus 
maintaining carbohydrate and fat metabolism at proper 
level [22]. The first signs of uncompensated IR manifest as 
slight increases in fasting blood glucose from 5.6 to 7.8 mM 
(IFG, impaired fasting glucose) and/or as systemic impair-
ment of glucose tolerance (IGT, impaired glucose toler-
ance) [18-20] (Fig. 1, a and b). The individual or combined 
manifestation of these parameters reflects the heterogene-
ity of T2DM pathogenesis and can also be used for strati-
fication of patients [19]. IGT is determined by glucose tol-
erance test as an increased concentration of blood glucose 
(7.8-11 mM) 2 h after consumption of 75 g of glucose after 
the overnight fast [18]. In pre-diabetes state the fasting in-
sulin levels are elevated only sometimes, but they are always 
higher in response to glucose load (Fig. 1, a and c). Thus, 
IFG reflects the defects of both insulin-dependent and in-
sulin-independent mechanisms of glucose utilization [28], 
whereas IGT reflects impaired glucose uptake by tissues is 
response to stimulation with endogenous insulin.
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Fig. 1. Reference values (a) and changes in the blood levels of glucose (b) 
or insulin (c) during oral glucose tolerance test (OGTT) commonly used 
to assess the severity of carbohydrate metabolism disorder. The curves 
in  (b) and (c) were compiled based on the results obtained in more 
than 5000 volunteers [20]. In the table and on the y-axes of the graphs 
the reference indicator values for impaired fasting glucose  (IFG), im-
paired glucose tolerance  (IGT), and type 2 diabetes mellitus  (T2DM) 
are shown. The arrow indicates shift of the indicator value during long-
term T2DM. The insulin level is traditionally expressed in internation-
al units (milliequivalents, ME) that quantitatively define therapeutic 
effect of insulin without taking into account its molecular mass  (c). 
One insulin unit is equivalent to 0.0347 mg of insulin, and 100 μME/ml 
corresponds to insulin concentration of 0.6 pM.

Fig. 2. Changes in the relationship between the rate of glucose utiliza-
tion and concentration of exogenous insulin during progression of IR 
and T2DM. Summarized results of several euglycemic clamp tests with 
different equilibrium insulin concentrations [30] are presented schemat-
ically. The vertical line corresponds to the steady-state insulin concen-
tration of 100 μME/ml used in the standard clamp test. Abbreviations 
are as in Fig. 1.

T2DM is characterized by a steady increase in fast-
ing glucose level (>7 mM) and that after 2 h of glucose 
tolerance test (>11 mM) (Fig. 1, a and b) [18]. In the ear-
ly stages of T2DM the fasting blood insulin level is often 
increased (>9 μME/ml), but the peak insulin concentra-
tion in the blood does not change during the glucose tol-
erance test and decreases in the late stages of the disease 
(Fig. 1c). This is due to progressive dysfunction of pan-
creatic β-cells and impaired insulin secretion. As a result, 
the insulin-dependent tissues decrease glucose uptake 
after a meal, and stable hyperglycemia develops. At this 
stage the pathology of T2DM becomes virtually irrevers-

ible, combining the main features of type 1 and 2 diabetes, 
and treatment becomes symptomatic.

Absence of clinically relevant markers of molecular 
changes in skeletal muscle during IR and of the markers 
of β-cell dysfunction complicates tracking progression of 
the disease, stratification of patients for obtaining the bi-
opsy samples, and interpretation of the results of its com-
parative analysis. To resolve the problem, the reference 
values for blood glucose and insulin levels being obtained 
during glucose tolerance test are used (Fig. 1a). They en-
able stratification and comparison of subject groups [18] 
including in large cohorts [19, 20].

Glucose tolerance test is rather simple and routinely 
used to acquire the indicators of carbohydrate metabo-
lism (including IFG and IGT). It reports on the initial 
(fasting) state and the systemic response to an increase in 
endogenous insulin (the changes in plasma glucose/insu-
lin levels). Since the latter itself depends on how far the 
pathology has progressed, exact quantification of insu-
lin sensitivity using glucose tolerance test is not possible. 
It is important that this test uses a standard dose of glu-
cose (75 g) for all subjects, which complicates comparison 
and interpretation of the results for individuals who differ 
significantly in body mass.

The hyperinsulinemic euglycemic clamp test is used 
as a “gold standard” for quantification of systemic IR 
[29]. Insulin and glucose are simultaneously infused into 
the blood, with the rate of insulin infusion gradually ad-
justed in such a way that its level (100 μME/ml) becomes 
comparable with the maximum physiological response to 
a meal. The rate of glucose infusion is adjusted to main-
tain its blood level constant. After 2-3 h an equilibrium is 
reached between the rate of glucose administration and 
utilization by tissues. This balance is further maintained 
for 1-2 h, and the M-index of systemic insulin sensitivity 
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is calculated from the amount of glucose injected (and uti-
lized) during this period. The use of several such tests with 
different target insulin concentrations allowed to eval-
uate the relationship between insulin concentration and 
glucose utilization [30] (Fig.  2). This relationship shifts 
to the right with IR development ref lecting a decrease in 
tissue sensitivity to insulin (presence of IFG and/or IGT). 
In the later stages of T2DM not only the sensitivity to in-
sulin, but also the maximum response to insulin decreas-
es, which ref lects dysfunction of β-cells. The relationship 
shown in Fig. 2 shifts to the right and down.

The decrease in systemic insulin sensitivity measured 
using standard hyperinsulinemic euglycemic clamp test 
ref lects a decrease in tissue glucose utilization at the most 
indicative concentration of blood insulin, 100  μME/ml 
(the vertical dotted line in Fig.  2). At the same time, 
this test does not allow to estimate either the maximum 
response to insulin or the response to its single admin-
istration. During the clamp test the high insulin level is 
long maintained, after which a biopsy is usually taken. 
However, such a prolonged and pronounced increase in 
blood insulin (~100 μME/ml) is not observed after a meal 
in healthy individuals and even in patients with IR [22]. 
Therefore, changes in intracellular signaling and gene 
expression after clamp test should be interpreted with 
caution. In addition, cell studies have shown that insulin 
induces fast (several minutes) and dynamically changing 
signaling responses [7, 12, 13, 31, 32], while significant 
time is spent to reach steady-state in the clamp test. This 
implies that the clamp test is not ideal for studying the 
full spectrum of skeletal muscle molecular responses to 
insulin.

A helpful alternative in studying molecular responses 
to insulin in vivo is measuring them under conditions as 
close to physiological as possible, such as after a meal that 
is normalized to the body mass or basal rate of metabolism 
[22]. Similar approach was used to study diurnal chang-
es in skeletal muscle phosphoproteome in rodents [33]. 
It also appears promising for human studies while using 
glucose or a mixed meal normalized to the body mass or 
basal rate of metabolism. Insulin secretion after a meal is 
much higher in obese individuals, which is not simply due 
to the presence of IR, but also to a larger quantity of con-
sumed meal. Thus, such normalization allows to better 
represent the differences in molecular muscle responses 
to insulin in people with IR and normal metabolism. This 
approach has not been yet used to investigate the molecu-
lar responses in human skeletal muscle.

MOLECULAR MECHANISMS 
OF GLUCOSE UPTAKE ARE MULTIPLE

The molecular mechanisms of IR have been linked 
to impaired intracellular regulation of glucose uptake by 
muscle and fat cells [34]. The defects may occur in direct 

regulators of glucose transport [27,  35] and be sensitive 
to signaling molecules of different cascades that control 
their activity, such as insulin signalling [16, 17] and other 
cascades [36]. They are closely associated with the im-
balance of metabolic f luxes that occur in obesity [23, 25, 
27]. Activation of glucose uptake occurs in several steps; 
each requires its own regulators that act combinatorially 
[37-39]. In the resting state the principal insulin-depen-
dent glucose transporter Glut4 is stored in cells in special 
vesicles (Glut4 storage vesicles, GSV) [40]. These are the 
stationary vesicles kept in the cytosol and released after 
binding a set of regulators [37]. Then they translocate to 
the cell periphery, pass through the cortical cytoskeleton 
beneath cell membrane, get positioned, and fuse thus ex-
posing the functional Glut4 on the cell surface (Fig. 3). 
So far there is no clear perception of those molecules 
which function is crumpled in IR and T2DM. These can 
be both elements of the signaling cascades and their final 
targets that directly control the translocation and expo-
sure of glucose transporters, or their combinations.

The canonical insulin cascade (receptor→protein 
IRS→PI3-kinase (PI3K)→Akt→TBC1D4 (AS160)→Rab 
GTPase→Glut4) is considered as the main signaling path-
way to activation of glucose uptake by insulin in animals 
and humans (Fig. 3). It largely regulates the translocation 
step of GSV to the cell periphery via the GAP-protein 
TBC1D4 (aka AS160) and GTPases Rab8a and Rab13 (in 
muscle cells) or Rab10 (in adipocytes) [38, 39]. However, a 
large body of evidence is accumulated that in humans with 
systemic IR the activity of this cascade as measured at the 
level of Akt is not always reduced or not to the same ex-
tent as the insulin-stimulated glucose uptake [27, 41, 42]. 
There could be few reasons for this phenomenon. First, 
the canonical insulin signaling can be most altered within 
its distal part, downstream of Akt [27]. Second, altered 
may be activities of the direct regulators of GSV activation 
in the near-membrane compartment [38] or of the vesi-
cle exocytosis [39], which are controlled via branches of 
the canonical cascade or other insulin receptor signaling 
pathways collectively shown as a putative non-canonical 
insulin cascade in Fig. 3. Finally, additional activation of 
Akt can be achieved from other receptors associated with 
the PI3-kinase cascade but not intended to target GSV. 
In this regard the key role of the Akt2 isoform in regulation 
of glucose uptake may merit attention [43]. The question 
remains as to whether Akt1 and Akt2 can be differently 
activated by different receptors such as the insulin recep-
tor or the insulin-like growth factor (IGF-1) receptor.

The need of simultaneous involvement of several dif-
ferent regulators at each step of GSV traffic, differences in 
mechanisms of their activation and combinatorial pattern 
of their action render the regulation of GSV traffic an ex-
tensive network organization. It is depicted in an aggre-
gate form in Fig.  3 as a non-canonical insulin cascade. 
Whereas its details are beyond the scope of this review and 
are highlighted by others [35, 37-40], two mechanisms 
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Fig. 3. Signaling regulatory mechanisms of glucose uptake linked to GLUT4 in muscle cells. In addition to the canonical insulin cascade (highlighted 
in red), which mainly regulates translocation of the GLUT4-containing vesicles from the cytosol to the cell membrane, the putative noncanonical 
insulin cascade (shown in green) regulates the approach, positioning, and fusion of the vesicles with the membrane, ensuring exposure of GLUT4 
on the cell surface. The insulin-independent mechanism involving AMPK/NUAK2 (highlighted in blue) is responsible for GLUT4 exposure and 
glucose uptake in response to contraction and increase in intracellular AMP level. The dashed lines show the coupling of these cascades to activation 
of transcription factors (TF) and gene expression.

are worth mentioning. Both are required and both regu-
late the exposure of glucose transporters independently 
of Akt or distal targets of the canonical insulin cascade. 
One involves activation of Rac1 GTPase by PI3-kinase; 
this causes rearrangement of cortical cytoskeleton to en-
able approach of GSV to the cell membrane. Another 
mechanism is initiated directly from the insulin receptor; 
it requires Ca2+ ions and involves the classic complex of 
SNARE proteins that mediate GSV fusion with cell mem-
brane and transporter exposure.

Many regulators of vesicle traffic, including 
TBC1D4/AS160 and Rab GTPases, control not only one 
traffic step, but are also critical for other steps acting in 
concert with other regulators. Thus, the transporter ex-
posure and glucose uptake are under multiple control of 
both the canonical and non-canonical insulin targets, 
many of which are still unknown [35]. It is plausible that 
the decrease in insulin sensitivity of glucose uptake is not 

only due to the loss of one of them, but is a result of coor-
dinated dysfunction in a group of such targets.

Alternative mechanisms may regulate fasting glucose 
homeostasis (when insulin level is very low) and espe-
cially in response to contractile (physical) activity. They 
include AMP-activated protein kinase (AMPK) [44] and 
related kinases (Fig.  3). The latter comprise a group of 
12 enzymes [45], which functions are still poorly under-
stood. However, at least two of them, the AMPK-relat-
ed kinases NUAK1 [46] and NUAK2 [47], are involved 
in regulation of blood glucose levels. Similar to AMPK, 
NUAK2 mediates the insulin-independent mechanism of 
glucose uptake aided by AMP and LKB1 kinase. Unlike 
the insulin-dependent mechanism, it is mediated main-
ly by the Rab14 GTPase and its regulator TBC1D1 [38]. 
Significance of the alternative mechanisms stems from 
the results of selective skeletal muscle knockout of insu-
lin and IGF-1 receptors [48], or Akt1/2 isoforms [49], 
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or overexpression of Akt2 in skeletal muscle [33]. The in-
sulin sensitivity was not altered in these mice even after 
a high-fat diet [33]. In addition, AMPK is activated by 
physical exercise and improves glucose uptake from the 
blood by skeletal muscle [28], whereas AMPK activity is 
decreased in individuals with obesity and IR [50, 51].

The presence of several mechanisms that regulate 
Glut4 traffic and glucose uptake in skeletal muscle expands 
the list of signaling proteins which disturbed activity can 
be causative of IR. They are not only of the fundamental 
interest, but are also potential targets for antidiabetic ther-
apeutics. Changes in their activity in individuals with obe-
sity, IR, or T2DM can be caused both by changes in their 
posttranslational modifications (mainly phosphorylation) 
and by their altered intracellular content. Considering 
the long progression of IR and diversity of the molecules 
involved, it is plausible that these changes are associated 
with altered activities of a number of transcription fac-
tors (TF) and gene expression (Fig. 3) which strengthen 
the IR state and subsequent diabetic phenotype.

SKELETAL MUSCLE PROTEOME CHANGES 
IN IR AND T2DM

It is recognized that up to 10,000 proteins are ex-
pressed in each tissue regardless of their isoforms [52]. It is 
hardly possible to detect even one third of them in skeletal 
muscle samples, and those detected are mostly abundant 
sarcomeric proteins. They limit significantly the depth of 
proteomic analysis by mass-spectrometry.

The skeletal muscle proteome of individuals with 
metabolic disorders has been explored in a number of 
studies. The most detailed study with 148 volunteers 
(healthy individuals, patients with IR, with or without 
T2DM) evaluated changes in the content of more than 
2000 proteins [53]. While only less than 100 proteins 
changed their expression in IR, much larger changes 
were found in T2DM patients. Of more than 400 pro-
teins that changed the content, only a few have increased. 
They were primarily sarcomeric proteins typical for the 
fast twitch muscle fibers (isoforms of myosin heavy and 
light chains, troponin, tropomyosin). In contrast, many 
proteins reduced the content. These were mitochondrial 
enzymes and transporters, regulators of amino acid me-
tabolism and protein synthesis [the mechanistic target of 
rapamycin (MTOR), elongation factor 2, ribosomal pro-
teins], proteasomal and heat shock proteins, as well as a 
number of protein kinases (the myosin light chain kinase 
SPEG, CAMK2G, MAPK12, etc.). Interestingly, in the 
T2DM group these changes overlapped with changes in 
protein phosphorylation (see below). However, the pro-
teome analysis does not suggest mechanism of the chang-
es, implying importance of a more specific analysis of 
transcriptome and post-translational modifications, es-
pecially of the phosphoproteome.

SKELETAL MUSCLE PHOSPHOPROTEOME 
CHANGES IN IR AND T2DM

Phosphorylation is one of the major means of sig-
nal transduction in cells. There are hundreds of the ki-
nases capable of phosphorylating several substrates each, 
and the total number of phosphorylation sites may reach 
100,000 [54]. Immunoblotting allows only about a doz-
en different phosphorylation sites to be assessed in a 
study, depending on antibody availability and specificity. 
In contrast, the mass-spectrometry analysis of 
phosphoproteome allows to simultaneously detect more 
than 10,000 different phosphorylated sites in several thou-
sand different proteins and, based on these data, to pre-
dict the kinases that changed the activity. In skeletal mus-
cle samples, phosphosites are mainly detected in most 
abundant proteins, while the low abundant are detected 
much less. However, the latter make up the majority of 
the kinases and regulatory proteins. Even the most ad-
vanced modern phosphoproteome techniques may only 
detect about 10% of all phosphosites [54]. Nonetheless, 
phosphoproteomic analysis allows much broader coverage 
of changes in phosphorylation spectrum of many skeletal 
muscle proteins caused by IR and T2DM both in the basal 
(fasting) state and in response to insulin.

Basal state. No dramatic differences in basal phos-
phorylation level (fasting state) of the canonical insulin 
cascade proteins were found in skeletal muscle between 
healthy subjects and T2DM patients either by classic im-
munoblotting [55-64] or by targeted mass-spectrometry 
[65]. Other studies have demonstrated, by mass-spec-
trometry, only slight changes of individual phosphoryla-
tion sites in the proximal (IRS1) [66] or distal (TBC1D4) 
[53] parts of the cascade. The absence of marked changes 
in the insulin cascade at the basal state in T2DM patients 
is in agreement with studies in rat skeletal muscle after 
several weeks of high-fat diet that induced IR [33, 67].

On the other hand, a phosphoproteomic study in-
volving 148 subjects with different degrees of metabol-
ic disorders revealed progressive changes brought by IR 
(IFG or IGT) or T2DM [53]. As evaluated by altered sub-
strate phosphorylation, the kinase activities were mainly 
decreased outside of insulin signaling. These included 
kinases of PKC family, casein kinases CK1/2, calcium/
calmodulin-dependent kinase type II (CAMK2), cyclin-
dependent kinases CDK, myotonic dystrophy pro tein 
kinase (DMPK), CDC2-like dual specificity kina se, 
mitogen-activated kinases (MAP-kinases, MAPK), and 
others. Also, the changes in phosphorylation of the con-
tractile and structural proteins (myosin heavy chain 
isoforms, troponin, nebulin, titin, desmin, etc.) were 
observed. Whereas association of PKC with metabol-
ic dysfunction could be anticipated [16], involvement of 
casein kinase type  I/II (CK1/2) is rather unexpected. 
CK1/2 phosphorylate hundreds of substrates [54] being 
involved in many events such as phosphorylation of gly-
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cogen synthase and regulation of glycogen metabolism 
[68]. These human phosphoproteome data [53] are con-
sistent with the results of high-fat diet in rodents [33, 67] 
that also revealed its effect on phosphorylation of pro-
teins that regulate fat metabolism, inf lammation, and 
protein degradation.

Summing up, the effects of IR and T2DM on bas-
al (fasting) skeletal muscle phosphoproteome remains 
poorly understood. The available data suggest no marked 
changes in the basal activity of the canonical insulin cas-
cade in T2DM. This implies that such changes are also 
absent in IR, and the main differences between healthy 
individuals and T2DM patients are most likely associated 
with the response to insulin. Large changes in the T2DM 
skeletal muscle are also detected in phosphorylation of 
signaling intermediates that control carbohydrate, lipid, 
and protein metabolism, as well as the inf lammatory re-
sponses, all of which are not directly linked to the canoni-
cal insulin cascade, at least in its proximal part.

Insulin stimulation. Hyperinsulinemic euglycemic 
clamp test is commonly used to study molecular respons-
es of human skeletal muscle to insulin. The blood insulin 
concentration is usually maintained at a relatively high 
level (~100  μME/ml) for several hours. As expected, a 
number of studies have found a lower phosphorylation 
and/or activity response to insulin of the canonical insulin 
cascade proteins in patients with T2DM as compared to 
healthy individuals [55-62]. However, no differences were 
found in other studies [63, 64, 69]. Phosphoproteome 
analysis by targeted mass-spectrometry revealed relatively 
minor changes in phosphorylation level of only a few out 
of two dozen sites in IRS1 after 0.5, 1, or 4 h of clamp test 
in skeletal muscle samples from T2DM patients as com-
pared to healthy volunteers [65, 66].

Global phosphoproteome analysis of healthy human 
skeletal muscle after 2-h insulin stimulation during clamp 
test revealed ~700 phosphosites in more than 400 proteins 
that altered phosphorylation level. These changes were 
mostly observed in AKT, MTOR, and MAPK mediated 
signaling cascades, as well as in various TFs [70]. Consid-
ering that these molecules are insulin targets, this result 
is expected. To the best of our knowledge, there are no 
studies so far that have compared the effects of insulin on 
skeletal muscle phosphoproteome in individuals with or 
without IR or T2DM.

The skeletal muscle phosphoproteome of rats 
during the period of nocturnal activity, when the animals 
were actively feeding, was compared to that during the 
daytime rest [33]. In the animals on high-fat diet an in-
crease in blood insulin after the food intake was more 
than 2-fold higher than in the control rats, indicative of 
IR presence. However, phosphorylation of the canonical 
insulin cascade proteins did not much differ. This sug-
gests that the decrease in insulin sensitivity induced by 
the high-fat diet was effectively compensated by increased 
secretion of insulin.

Thus, only a few studies reported individual, not al-
ways pronounced and reproducible differences in phos-
phorylation/activity of the canonical insulin cascade 
proteins in response to insulin in skeletal muscle from 
subjects with metabolic disorders. This prompted to an-
alyze the relationship between phosphorylation level of 
these proteins and insulin concentration. It appeared 
that, in adipocytes, even a small increase in phosphoryla-
tion of the key kinase of the proximal part of the cascade 
(Akt) was sufficient for full activation of its distal targets 
(such as Glut4 or transcription factor Foxo1) [41, 42]. 
It was hypothesized that the proximal part of the cascade 
in the cell (i.e., insulin receptor, IRS, PI3-kinase, and 
Akt) is redundant and selectively transmits signals toward 
the less-abundant targets [27]. This “spareness” hypothe-
sis explains why the impairments associated with IR man-
ifest and should be more pronounced in the distal part of 
the cascade at the level of GSV translocation, but not in 
the proximal part, where they are usually looked for, but 
not found. The exact mechanism of the “distal” disorders 
is still unknown [27].

In the abovementioned model [33] the increase in 
endogenous insulin in response to food consumption 
caused large changes in phosphorylation of more than 
2500 phosphosites in skeletal muscle of the control rats 
and animals on high-fat diet. Despite the different in-
sulin levels in the animals of these two groups, the rel-
ative increases in phosphorylation level of Akt, mTOR, 
or p70S6K1 (all insulin targets) and decrease in that of 
PKA were similar. The differences were observed only 
in proteins that regulate glycogen metabolism. Larger 
differences between the groups were observed after food 
intake and phosphorylation level altered in more than 
~3000 phosphosites. Bioinformatic analysis predicted 
that the kinase activities of CaMK2, ribosomal p70S6K1 
and p90S6K are upregulated in the animals with meta-
bolic disorders, but the activity of casein kinase CK2 is 
reduced [33]. Since the basal activity of CK2 is also re-
duced in skeletal muscle of T2DM individuals and activity 
of CAMK2 is also altered [53], these results imply that 
CK2 and CAMK2 may contribute to changes in intracel-
lular signaling in skeletal muscle during progression of IR 
and, possibly, T2DM.

Thus, changes in skeletal muscle phosphoproteome 
in response to insulin in the patients with IR and T2DM 
markedly differ from those in healthy individuals. One 
possible explanation is that insulin can bind to IGF-1 
receptors and hybrid IGF-1/insulin receptors under IR 
conditions [71]. The insulin affinity to these receptors is 
an order of magnitude lower than the affinity of IGF-1, 
and normally insulin does not bind and activate them. 
However, in compensatory hyperinsulinemia typical for 
IR the insulin levels increase significantly, and the proba-
bility of activation of IGF-1 or hybrid receptors increases 
[72]. The level of IGF-1 also increases in IR, as long as 
the blood glucose levels remain normal, but normalizes 
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in IFG and further decreases in T2DM, while the content 
of hybrid receptors in skeletal muscle increases in T2DM 
and correlates with the body mass index [71]. Despite that 
all these receptors activate the same proximal elements 
(PI3-kinase→Akt and Erk MAP-kinases; see Fig. 3), the 
distal targets may differ, leading to non-identical respons-
es [73]. How big are these differences remains a question, 
but the scale of IR-associated changes in phosphopro-
teome suggests they are not solitary and therefore may just 
contribute.

Summing up, the impaired activation of the canon-
ical insulin cascade by insulin is not always observed in 
IR and T2DM. This may be due to the majority of such 
events occurring in the distal part of the cascade, at the 
level of least abundant regulators of vesicle traffic, or in 
the non-canonical, or other regulatory pathways of glu-
cose uptake. The effects of IR and T2DM on skeletal 
muscle phosphoproteome remain largely unexplored. 
The only study examined responses to exogenous in-
sulin after feeding in the rodent model of high-fat diet. 
It demonstrated that the skeletal muscle phosphoproteome 
is altered in IR far beyond the canonical insulin cascade and 
marked changes are in the activities of CaMK2, ribosomal 
S6-kinases p70S6K1 and p90S6K, and CK2 [33]. Other 
targets still require identification and verification at least 
in different models.

SKELETAL MUSCLE TRANSCRIPTOME 
CHANGES IN IR AND T2DM

Multiple kinases alter their phosphorylation level in 
skeletal muscle both in the basal state [33, 53] and in re-
sponse to insulin [33, 70] in metabolic disorders. These 
kinases regulate activity of hundreds of proteins includ-
ing transcription factors. It is logical to assume that met-
abolic disorders also cause significant changes in gene 
expression.

Basal state. Changes in basal transcriptome of hu-
man skeletal muscle in T2DM were examined in many 
studies and revealed significant differences as compared 
to healthy controls. One of the first meta-analyses based 
on 6 studies showed that more than 100 genes alter ex-
pression in T2DM [74]. The most pronounced changes 
were in decreased expression of the genes encoding en-
zymes of the Krebs cycle and oxidative phosphorylation, 
β-oxidation of fatty acids, and regulators of amino acid 
metabolism. With regard to the genes of oxidative metab-
olism this is consistent with the results of subsequent large 
transcriptome studies [75, 76] and further confirmed by 
proteomic analysis of skeletal muscle from the patients 
with T2DM [53]. However, another meta-analysis did 
not find reduced expression of these genes in the patients 
with IR [77]. It is possible that reduced oxidative capacity 
of skeletal muscle is not associated only with IR, but also 
with other factors (age, the level of physical activity, etc.). 

Impaired expression of genes that regulate the amino 
acid metabolism in T2DM was confirmed in a number of 
studies [75-78], as well as the activation of proinf lamma-
tory genes and genes of ubiquitylation regulators [75, 76]. 
This is in agreement with elevated plasma amino acid 
levels [79] and latent inf lammation in adipose tissues in 
obesity [23, 24, 26]. A lower mRNA expression was found 
in T2DM for the genes of the canonical insulin cascade 
[IRS2, PIK3CB, PIK3CA, PIK3R1, SLC2A4 (GLUT4)], 
receptors of insulin (INSR) and IGF-1 (IGF1R), and 
of the tyrosine kinase receptor adapter protein (GRB14) 
[77]. Although the degree of reduction in INSR and IRS2 
expression correlated with the severity of metabolic disor-
ders, it was far too small [80].

What factors are responsible for changes in gene ex-
pression in IR and T2DM? An unambiguous answer is 
hardly possible because of complexity of changes in the 
content of different substrates, metabolites, hormones, 
and regulatory factors in the blood and in skeletal mus-
cle. Several studies used bioinformatics to predict the 
transcriptional regulators associated with genes that al-
tered their expression in metabolic disorders [78, 80]. 
However, these studies aimed at the regulators of genes 
coding for insulin cascade proteins, whereas other regula-
tors associated with larger changes in transcriptome were 
not tackled.

Insulin stimulation. Changes in insulin-dependent 
skeletal muscle transcriptome in metabolic disorders have 
been explored only in a few studies. Therefore, first we 
consider the effects of insulin in the cells and skeletal 
muscle of healthy humans.

In primary human myotubes, the transcriptome 
dynamics (0.5, 1, 2, 4, 8, and 24 h) was assessed in one 
of the early studies with an excess insulin concentration 
(1 μM) [81]. Very prompt response was observed (most-
ly an increase) in gene expression of the early response 
TFs (FOS, SRF, EGR1/2, JUNB, IER3, ATF3, and ID1), 
proinf lammatory cytokines, and angiogenesis regulators. 
Later, the expression of genes for growth factors and met-
abolic enzymes also increased, and by 24 h the changes 
were virtually absent. The results of this study should be 
interpreted with caution because of the very high insulin 
level, which was maintained throughout the experiment, 
whereas the physiological insulin concentrations do not 
exceed 1  nM and last for short periods [22]. Nonethe-
less, similar to various stress stimuli in other cell cultures 
[82], insulin rapidly activates the early response TF genes 
in myotubes.

In human skeletal muscle with normal insulin sensi-
tivity, the transcriptome changes were examined at only 
two time points after insulin stimulation during clamp 
test. While after 30 min of stimulation no changes in gene 
expression were observed [83], in 3-4  h the expression 
of hundreds of gene changed [83-85]. As in the myotube 
study cited above [81], insulin induced gene expression 
of proinf lammatory cytokines (IL17D, CCL2, CCL8, 
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CXCL2), their receptors (IL1R1, IL13R), a growth fac-
tor (TGFB2), and also of several dozen TF genes. Among 
the latter again were the early response TFs (EGR1/3, 
IER2), AP-1 family factors (JUNB, FOS, FOSB), reg-
ulators of glycolysis and oxidative phosphorylation 
(NR4A1 and NR4A3), fat metabolism (SREBF1), tran-
scription initiation factors (TBPL1, BTF3), and others 
[83-85]. Decreased expression was found for myogenic 
factors (MEF2B, MYF6), a key regulator of fat metabo-
lism (PPARG), hepatocyte nuclear factors (HNF1/2), and 
thyroid hormone receptor (THRA) [85]. The large-scale 
change in TF gene expression suggests that expression of 
many gene targets should also change during recovery af-
ter insulin stimulation. The key effects of insulin in human 
skeletal muscle (activation of glucose uptake, glycogen 
synthesis, and MTOR-dependent protein synthesis) are 
mediated by post-translational regulation. Apparently, in-
sulin can also affect these events at the transcription level, 
for example, by upregulating expression of hexokinase-2 
(HK2) and ribosomal protein genes, as well as a number 
of factors that control translation [84, 85].

In skeletal muscle of individuals with metabolic 
disorders, the direction of changes in gene expression 
in response to insulin stimulation during clamp test was 
similar to the healthy controls [86,  87]. Bioinformatic 
analysis linked these changes to interleukins, PPAR, and 
retinoid receptors [86]. In the single study that compared 
responses to insulin in metabolic disorders the expres-
sion of less genes altered after 5 h of clamp test in patients 
with IR than in healthy controls [87]. In particular, in IR 
patients insulin did not affect gene expression of the key 
enzymes of carbohydrate catabolism [pyruvate dehydro-
genase kinase 4, hexokinase-2 (HK2), and others]. At the 
same time, insulin caused more pronounced gene activa-
tion of those TFs in IR patients that regulate fat metabo-
lism (CEBPA and SREBF1).

Summing up, insulin stimulation induces massive 
changes in skeletal muscle transcriptome including in-
creased gene expression of various TFs, cytokines, reg-
ulators of protein synthesis, carbohydrate and fat metab-
olism. However, their dynamics and signaling pathways 
that control these changes remain understudied, as well 
as the insulin-induced changes in transcriptome during 
development of metabolic disorders.

CONCLUSIONS AND PERSPECTIVES

The development of IR and T2DM is closely asso-
ciated with reduced insulin-stimulated glucose uptake 
by skeletal muscles, however, molecular mechanisms of 
this disorder remain poorly understood. Changes in ac-
tivation and phosphorylation level of signaling proteins of 
the proximal part of the canonical insulin cascade (from 
insulin receptor to AKT, Fig. 3) are not always detected 
in T2DM. Hypotheses are discussed that explain the de-

crease in insulin-stimulated glucose uptake by the defects 
in the distal part of the cascade or in the non-canonical 
insulin signalling at the level of regulation of GSV traf-
fic and fusion with plasma membrane [27]. The rap-
id development of the methods of quantitative shotgun 
phosphoproteomics significantly expanded the under-
standing of signaling responses to insulin. It became clear 
that activation of many kinases and TFs is far beyond the 
framework of the canonical insulin cascade. Insufficient 
capability of detecting proteins of low abundance, which 
often play a key role in intracellular signal transduction, 
remains the major limitation of the shotgun phosphopro-
teome analysis [54]. Improvement of the hardware and 
sample preparation techniques should be helpful to in-
crease the depth of phosphoproteome analysis and ex-
pand the list of insulin signaling targets. These proteins 
are of fundamental interest because of their potential as 
new therapeutic targets.

Changes in skeletal muscle transcriptome in the pa-
tients with IR and T2DM have been fairly well charac-
terized in the basal state. They are likely due to a num-
ber of factors including the circulating in the blood and 
located in muscle tissues, also closely linked to physical 
inactivity. However, the signaling mechanisms and TFs 
responsible for these changes in muscle cells are almost 
unexplored. Gene expression responses to acute insulin 
stimulation are impaired in T2DM. These changes are 
still poorly characterized, as well as the mechanisms they 
are controlled by.

The increase of endogenous insulin caused by the 
food intake is significantly higher in IR than in healthy 
humans [22] or animals [33]. At the same time, the 
blood levels of glucose and free fatty acids are the same 
in IR versus healthy individuals [22], whereas in con-
trol animals and animals on a high-fat diet the detect-
ed differences in the proximal part of the canonical in-
sulin cascade are minimal, if any [33]. This implies that 
the ability of signaling system to respond to insulin is 
maintained at the molecular level by a compensatory 
increase in insulin levels. The increased insulin secre-
tion may be due to more food consumed by the over-
weight people. This means that in order to understand 
the molecular differences in insulin signaling it is im-
portant to study responses to normalized food intake 
thereby modeling the real-life scenario. There have been 
no such studies yet.

Metabolic disorders cause complex changes in skel-
etal muscle including the activation of signaling proteins 
and TFs, mRNA expression, the content of their pro-
tein products and various metabolites. They occur both 
in the basal state and in response to insulin stimulation. 
However, there is no clear understanding of the rela-
tionship between insulin-induced changes that occur at 
different levels of regulation in cells. For this purpose, 
a “trans-omics” approach has been recently proposed, 
which uses a combination of the phosphoproteomic, 
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proteomic, transcriptomic, and metabolomic tech-
niques with bioinformatic analysis. The advantage of 
the trans-omics approach is its potential to reconstruct 
molecular networks consisting of interconnected cas-
cades, rather than individual signaling cascades. Such 
an approach has already allowed identifying molecular 
networks in rat hepatoma cells that are activated by pico- 
and nanomolar insulin concentrations typical for the bas-
al state and response to a food intake, respectively [88]. 
It appeared that at low concentrations insulin mainly af-
fects phosphorylation of translation factors, Akt and p38 
MAPK thereby changing activity of TFs (Foxo1, Creb1, 
and others). These TFs regulate, in different directions, 
expression of mRNA of glycolytic enzymes, regulators of 
lipid and amino acid metabolism, thus altering levels of 
the respective metabolites. In contrast, at high concen-
trations insulin stimulates mainly Akt and Erk1/2 MAPK 
that in turn activate the early response TFs (Egr1, Hes1, 
and others) and increase expression of their target genes 
including a number of other TFs. Similar approach has 
been recently used experimentally to reconstruct the 
molecular networks (signaling proteins → TFs → target 
genes → metabolism regulators → metabolites) responsible 
for insulin-stimulated growth of embryonic Drosophila 
melanogaster S2R+ cells [89]. In another study the dynam-
ics of phosphoproteome, transcriptome, and proteomes 
was simultaneously studied [90]. The molecular networks 
that regulate the levels of various metabolites in mouse 
liver over 6  h after insulin injection were reconstructed. 
This allowed to comprehend that the fast responses 
(changes of carbohydrate and fat metabolism) are regu-
lated at the level of phosphorylation of signaling proteins, 
while the later responses (metabolism of amino acids and 
nucleotides) are additionally controlled by the expression 
of specific regulators. The changes in the content of these 
regulators are mainly due to the changes in their transla-
tion, but not at the mRNA level.

Regulation of carbohydrate and fat metabolism in 
animals and humans is different, therefore, the use of 
trans-omics analysis to study the mechanisms of IR in 
humans seems very promising. Considering the key role 
of skeletal muscle in the development of metabolic dis-
orders, the efforts should be made to join the omics tech-
niques in order to explore the molecular basis of IR and 
T2DM development in human skeletal muscle.
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