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Potential role of skeletal muscle glucose metabolism
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Summary
Pancreatic beta cells sense glucose flux and release as much insulin as required in
order to maintain glycaemia within a narrow range. Insulin secretion is regulated
by many factors including glucose, incretins, and sympathetic and parasympa-
thetic tones among other physiological factors. To identify the mechanisms linking
obesity-related insulin resistance with impaired insulin secretion represents a
central challenge. Recently, it has been argued that a crosstalk between skeletal
muscle and the pancreas may regulate insulin secretion. Considering that skeletal
muscle is the largest organ in non-obese subjects and a major site of insulin- and
exercise-stimulated glucose disposal, it appears plausible that muscle might inter-
act with the pancreas and modulate insulin secretion for appropriate peripheral
intracellular glucose utilization. There is growing evidence that muscle can
secrete so-called myokines that can have auto/para/endocrine actions. Although
it is unclear in which direction they act, interleukin-6 seems to be a possible
muscle-derived candidate protein mediating such inter-organ communication. We
herein review some of the putative skeletal muscle-derived factors mediating this
interaction. In addition, the evidence coming from in vitro, animal and human
studies that support such inter-organ crosstalk is thoroughly discussed.
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Introduction

Systemic glucose homeostasis is a complex process in which
pancreatic beta cells sense glucose flux and release insulin
to keep glycaemia within a narrow range. Optimal insulin
secretion must be adjusted to insulin demand; otherwise
insulin excess will cause hypoglycaemia and insufficient
insulin secretion will lead to hyperglycaemia (1).

Pancreas size in an adult human represents about 0.1%
of whole body mass (2), while islet mass is only 1–2% of
the entire pancreas (3). Therefore, less than 0.001% (beta
cells are about one-half of pancreatic islets) of whole body
size is responsible for glucose homeostasis, particularly
under postprandial conditions, on which maximal insulin
secretion is required. It is fascinating how such a tiny part

of the human body (and other mammals) can release a
sufficient amount of insulin that allows an appropriate
peripheral glucose disposal. Such observation may suggest
the existence of a crosstalk between pancreas and periph-
eral tissues in order to better adjust insulin secretion to its
demand.

In this scenario, insulin sensitivity has been strongly
linked to some aspects of beta cell function, such as fasting
and glucose-stimulated insulin secretion (4). This interac-
tion is described by an inverse correlation, which usually
follows a hyperbolic function (Fig. 1). Thus, how much
insulin is released in response to a given glucose load
appears to take into account the degree of insulin sensitiv-
ity. Such finding reinforces the notion that insulin-sensitive
tissues may communicate with the pancreas regarding their
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insulin needs, particularly under postprandial conditions.
Whether insulin-sensitive tissues play a role on short- (i.e.
fasting to postprandial state) or long-term (i.e. chronic
adaptation) regulation of insulin secretion is critical for
understanding the nature of this potential inter-organ
communication.

On one hand, a short-term inter–organ-dependent regu-
lation should be able to quickly influence insulin secretion
after a meal. Given that insulin sensitivity does not change
acutely, one can speculate that an insulin–sensitive-based
organ communication would not play a role on adjusting
insulin secretion to rapid changes in nutrient availability.
Alternatively, any eventual information coming from
insulin-sensitive organs may hypothetically participate in
the adaptation of insulin secretion to chronic states of
insulin resistance including obesity, type 2 diabetes, preg-
nancy and puberty.

On the other hand, insulin secretion may still be respon-
sive to acute changes in glucose flux (i.e. uptake, oxidation
or storage) in insulin-sensitive tissues. Part of the rationale
for this idea comes from the existence of a well-known
interaction between brain and the pancreas for controlling
insulin secretion (5,6). The brain is an important and exclu-
sive glucose-consuming organ under physiological condi-
tions [∼100 g per day in adult humans (7,8) ]. This organ is
sensitive to low circulating glucose concentration, which
finally determines a lower glucose flux to neurons. In
order to ensure a constant glucose supply, hypoglycaemia
triggers a brain-mediated counter-regulatory response that
increases hepatic glucose production (possibly mediated
through the vagus nerve) (9) and suppresses glucose-
induced insulin secretion through sympathetic nerves (10).
By analogy to the brain, skeletal muscle may influence

insulin secretion to secure an appropriate glucose flux into
major insulin-sensitive glucose-requiring organs. This will
also prevent hyperglycaemia, as well as a glucose overflow
into tissues during the transition from fasting to postpran-
dial conditions.

We herein elaborate the argument that skeletal muscle, as
the largest organ in non-obese subjects (11) and a major
site of insulin- and exercise-stimulated glucose disposal
(12), releases insulin sensitivity- and/or glucose flux-
responsive mediators that adjust insulin secretion to the
actual insulin need for appropriate peripheral intracellular
glucose utilization. The release of these mediators could be
chronically modulated by insulin resistance, and acutely
influenced by meal- and exercise-induced changes in
glucose flux (Fig. 2). Based on the classical inverse relation-
ship between insulin sensitivity and secretion, one can
hypothesize that these mediators will have a net suppressive
effect on insulin secretion. We analysed in vitro, animal and
human evidence that highlights a potential role of skeletal
muscle on the regulation of insulin secretion.

Current understanding of the interaction
between insulin secretion and
insulin sensitivity

Kahn et al. (13) proposed few years ago that the inverse
relationship between insulin secretion and insulin sensitiv-
ity (Fig. 1) may be determined by at least three conditions/
mediators (i) increased beta cell glucose metabolism;
(ii) high circulating free fatty acid (FFA) concentration
and signalling and (iii) enhanced beta cell incretin sensi-
tivity. Additionally, insulin itself also shows to increase
insulin secretion (14,15). The rationale supporting these
conditions/mediators is discussed later.

Beta cell glucose metabolism

In humans, glucose enters beta cells via facilitated diffusion
through glucose transporter (GLUT) 1 and GLUT3 (3,16).
Glucose is phosphorylated into glucose-6-phosphate in a
reaction catalysed by hexokinase IV (17). Unlike other
hexokinases, this enzyme is not inhibited by glucose-6-
phosphate, which allows the glucose flux through this
enzyme closely matching glucose utilization (18). Thus, in
beta cells, the limiting step for glucose metabolism at
normal glycaemia is hexokinase IV activity. In turn, in
the mitochondrial matrix of beta cells, glycolytic-derived
pyruvate is oxidized in the Krebs cycle after being con-
verted into acetyl-coenzyme A. Nicotinamide adenine
dinucleotide and flavin adenine dinucleotide derived from
the Krebs cycle will feed the electron transport chain and
enhance mitochondrial adenosine triphosphate (ATP) syn-
thesis (19). The higher ATP-to-adenosine diphosphate ratio
will close ATP-sensitive K+ channels leading to beta cell

Figure 1 Hyperbolic relationship between peripheral insulin sensitivity
and first-phase insulin secretion. Adapted from Weyer et al. (4).
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depolarization. Such an effect will open voltage-operated
Ca2+ channels increasing cytosolic Ca2+ concentration that
will finally lead to exocytosis of insulin granules (20,21). In
this regard, beta cell mitochondrial function is expected to
be highly regulated to allow proper insulin secretion (22).

Insulin resistance is characterized by structural pancre-
atic (increased islet and beta cell mass) and beta cell func-
tional adaptationsthat enhance insulin secretion (23). Thus,
increased glycaemia is not evident during the early stages of
insulin resistance, particularly during the first 10 min after
glucose load (first-phase insulin secretion). Then, insulin-
resistant versus insulin-sensitive individuals should have
similar beta cell glucose uptake and metabolism. In addi-
tion, beta cell glucose sensitivity, a specific beta cell func-
tion parameter defined as the slope of the insulin secretion
versus glucose concentration dose–response curve, has
shown to be unrelated with insulin resistance (24). There-
fore, any eventual increase in beta cell glucose metabolism
seems to be an unlikely factor driving increased insulin
secretion.

Circulating FFA concentration and signalling

Long-chain fatty acids in the presence of high glucose
concentrations can bind to G-protein-coupled receptor
(GPR40), which induce intracellular calcium mobilization
and subsequent stimulation of insulin secretion (25,26).
Indeed, mice over-expressing GPR40 in pancreatic beta
cells show increased glucose-stimulated insulin secretion
(27). The role of FFA on the interaction between insulin
sensitivity and secretion should consider the following
arguments.

It has been well accepted that impaired adipose tissue
insulin sensitivity can impair insulin-dependent inhibition of

lipolysis leading to increased FFA efflux and high circulating
FFA concentration, particularly in conditions of enlarged fat
mass and insulin resistance (e.g. obesity). However, Karpe
et al. (28) recently compiled a large set of studies and found
no evidence to support the notion that obesity is accompa-
nied by increased fasting blood FFA concentration, a physio-
logical state of high lipolytic activity. On the other hand,
obesity, insulin resistance and type 2 diabetes are also char-
acterized by impaired suppression of insulin-mediated
serum FFA concentration (29–31), as well as increased
lipoprotein lipase-mediated fatty acid spillover (32). Such
phenomena may elevate postprandial circulating FFA con-
centration and increase insulin secretion.

In any case, an eventual role of increased circulating FFA
concentration mediating the relationship between insulin-
sensitive tissues and the pancreas should consider that
systemic insulin sensitivity under postprandial conditions
is mostly driven by skeletal muscle insulin sensitivity
(29).There is no proof that an inverse correlation also
applies to describe the specific relationship between adipose
tissue insulin sensitivity and insulin secretion.

Beta cell incretin sensitivity

Insulin secretion can also be stimulated by incretins being
glucagon-like peptide 1 (GLP1) and glucose-dependent
insulinotropic polypeptide important ones (33). These
molecules are mostly released from the gastrointestinal
tract, being the rate of glucose absorption across the intes-
tinal cells a major determinant of their secretion. Incretins
can enhance insulin secretion particularly in the presence of
high glucose concentration (34), and are responsible for
the larger insulin secretion after oral versus intravenous
glucose administration (35).

Figure 2 Hypothetical role of skeletal muscle
insulin sensitivity and glucose flux as
determinant factors of the myokinome profile
and insulin secretion. The release of
myokines into the bloodstream could be
chronically modulated by skeletal muscle
insulin resistance (obesity, type 2 diabetes,
pregnancy or puberty), and acutely
influenced by meal- and/or exercise-induced
changes in glucose flux. The myokine
balance would influence beta cell metabolism
and differentially modulate insulin secretion.
Thus, insulin-sensitive muscle might have a
suppressive effect on insulin secretion,
whereas insulin-resistant muscle would
secrete an insulin secretion-stimulating
myokine profile.
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One may speculate that insulin resistance might be
accompanied by higher sensitivity to incretins and/or
increased blood incretins concentration that will lead to
enhanced insulin secretion. A specific study comparing the
role of insulin resistance independent of obesity, glucose
intolerance and type 2 diabetes on circulating incretin
levels and action has not been conducted. Therefore, the
role of incretins as direct mediators of the relationship
between insulin sensitivity and insulin secretion remains
undetermined.

Studies comparing circulating incretin levels across indi-
viduals of different body mass index, which often pose
contrasting insulin sensitivity or glucose tolerance, have
found similar (36,37) or lower (38) levels in obese versus
non-obese individuals. With regards to incretin action,
Muscelli et al. (38) assessed this aspect in individuals sepa-
rated according tertiles of body mass index. As predicted,
leaner participants (lowest tertile) had higher insulin sensi-
tivity when compared with individuals from the second and
third tertiles. Interestingly, the highest incretin effect was
found in individuals from the first tertile. These findings are
against the hypothetical role of incretin driving-augmented
insulin secretion in insulin resistance.

Insulin-enhancing effect on insulin secretion

Insulin by itself also appears to promote its own secretion
in vivo (39) as well as in isolated islets (40) and beta cells
(41). One of the most striking evidence about the role of
insulin on its secretion came from beta cell-specific insulin
receptor knockout (BIRKO) mice. In this model, impaired
glucose-stimulated insulin secretion and glucose intoler-
ance are observed (42). In parallel, human pancreatic islets
from patients with type 2 diabetes have reduced mRNA
expression of the insulin receptor, insulin receptor substrate
2 and the protein kinase Akt2, which are surrogate markers
of impaired insulin action (43). In addition, the effect of
insulin on its own secretion is reduced in type 2 diabetic
and glucose-intolerant versus healthy individuals (14) as
well as in insulin-resistant versus insulin-sensitive volun-
teers (15). Thus, impaired beta cell insulin signalling and
sensitivity may be part of the mechanism contributing to
impaired glucose-stimulated insulin secretion in patients
with type 2 diabetes (43).

Very recently, the physiological role of insulin as
enhancer of its own secretion has been strongly criticized.
Rhodes et al. (44) argued that prolonged exposure to
insulin, and/or high concentrations of insulin in all cells
that express the insulin receptor effectively desensitizes the
insulin receptor signalling pathway. Furthermore, insulin
when secreted, rapidly gains the venal islet microcirculation
from where it is readily cleared from the islet milieu. Then,
insulin concentration achieved around beta cells is minimal
and ineffective to transduce insulin signalling. Alterna-

tively, the in vivo role of insulin on its secretion (14,39) can
be attributed to an insulin-mediated central nervous system
rather an autocrine effect. Taken together, the physiological
relevance of insulin regulating its secretion remains unclear.

Novel insights about the interaction between
insulin secretion and insulin sensitivity

As discussed so far, none of the conditions/mediators
described earlier can satisfactorily explain the relationship
between insulin sensitivity and insulin secretion. We hereby
propose that skeletal muscle may play a critical role in this
metabolic interaction. This organ has shown to be an active
endocrine tissue with action on adipose tissue, liver, brain,
bones and the pancreas (45,46). Skeletal muscle might
release insulin–sensitive- and/or glucose flux-dependent
mediators able to influence insulin secretion. The rationale
for this idea is presented later.

Rationale supporting an interaction between
skeletal muscle and pancreas

In the last years, we have focused our interest in the
study of glucose metabolism in insulin-sensitive and
insulin-resistant individuals under fasting, postprandial
and insulin-infused conditions (47–49). We observed
that during a euglycaemic–hyperinsulinaemic clamp, both
impaired intracellular oxidative and non-oxidative glucose
disposal were mostly consequence of insulin resistance
(48,50). Basically, the lower insulin-stimulated glucose
disposal rate in insulin-resistant versus insulin-sensitive
individuals determined a corresponding decrease in intrac-
ellular glucose utilization.

Although this explanation appears logical, our finding
was against the notion that intrinsic (e.g. mitochondrial)
cellular defects in glucose metabolism were present in
obesity and type 2 diabetes (51). This controversial
outcome led us to study insulin-stimulated glucose utiliza-
tion under physiological conditions, i.e. in response to a
75-g oral glucose load.

When we compared the postprandial response between
insulin-resistant (non-diabetic) and insulin-sensitive indi-
viduals (insulin sensitivity defined by a euglycaemic–
hyperinsulinaemic clamp), we observed the characteristic
hyperinsulinaemia in the former group. In addition, a
modestly higher but significant glycaemia was also
detected in the insulin-resistant versus insulinsensitive
group. However, whole-body glycolytic and glucose
oxidative rates were similar among groups (49) (Fig. 3). We
concluded that postprandial hyperinsulinaemia and modest
hyperglycaemia overcome insulin resistance by enhancing
glucose uptake and utilization.

It was striking to note that intracellular glucose disposal
(at glycolytic and oxidative levels) was finely matched
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between subjects of contrasting insulin sensitivity. Even
when higher glycaemia could further increase insulin secre-
tion in insulin-resistant subjects, somehow the body seems
to acknowledge that intracellular glucose homeostasis is
‘just fine’. Considering that whole-body glucose disposal
after an oral glucose load as well as during physical exer-
cise mostly occur in skeletal muscle (52), then, one can
speculate that these tissues may be global sensors of
peripheral glucose availability, and interact with other
organs such as the pancreas in order to adjust insulin
secretion to insulin needs. The discovery of hundreds of
proteins secreted from skeletal muscle (53) reinforces the
notion that these tissues may have an active role in regu-
lating insulin secretion.

Skeletal muscle as a circulating
factor-secreting organ

In the last decade, the notion that skeletal muscle can secrete
multiple active factors (myokines) has gained support
(45,46). Well-known skeletal muscle-secreted proteins are
myostatin (54) and interleukin-6 (IL-6) (55). Myostatin
circulates in the blood and is a negative regulator of muscle
growth (54,56). In turn, IL-6 is mostly secreted in response
to muscle contraction and plays a critical role in the
metabolic adaptation to exercise (57). Later on in time,
Bortoluzzi et al. (58) characterized the human skeletal
muscle secretome (myokinome) using a computational
approach to identify the putative myokinome. Over 300
proteins met the criteria for secreted proteins including 78
uncharacterized proteins. Furthermore, by analysing condi-
tioned media from human and mice myotubes, multiple
secreted proteins were recently identified (53,59,60).

Among the myokines that may mediate an interaction
between insulin-sensitive tissues and the pancreas, IL-6 is
highlighted although its role seems controversial. In this
regard, IL-6 showed both positive (61) and negative (62)
influence on insulin secretion. Additionally, plasma IL-6
concentration was directly related with acute glucose-
stimulated insulin secretion in humans (63), whereas an
acute increase in circulating IL-6 showed null effect on
insulinaemia in either rodents or humans in vivo (64–66).
Additional findings show that a whole-body IL-6 KO
mouse model had normal insulin levels (67); however,
skeletal muscle-specific IL-6 transgenic mice developed
hyperinsulinaemia (68). The discrepancy might be due to
differential IL-6 levels achieved among studies. Physio-
logical concentrations of IL-6 (<100 pg mL−1) show a
stimulatory effect on glucose-stimulated insulin secretion.
By contrast, neutral or inhibitory effects of IL-6 were
reported at high concentrations of this cytokine (500–
25,000 pg mL−1) (69–71).

Alternative myokines that might participate in this
muscle–pancreas crosstalk are IL-1β, chemokine C-C
motif ligand 5, monocyte chemotactic protein 1, IL-8
and chemokine C-X-C motif ligand 10 (60). As further
detailed later, these myokines were differentially found in
conditioned media from tumour necrosis factor alpha
(TNFα)-treated (insulin resistant) and non-treated human
myotubes, which was accompanied by corresponding
changes in beta cell insulin secretion.

Among the factors that stimulate muscle protein secre-
tion, muscle contraction makes a distinction. In addition,
the degree of muscle cell insulin sensitivity also seems to
affect the muscle protein secretion profile. Meanwhile, it
remains undetermined if muscle cell glucose flux may also

Figure 3 Glycaemia, insulinaemia and
glucose metabolism (glycolytical and
oxidative disposal) in insulin-sensitive and
insulin-resistant individuals in response to a
75-g oral glucose dose. 2H2O, deuterated
water; AUC, area under the curve; EMBS,
estimated metabolic body size (fat-free
mass [kg] + 17.7); IR, insulin-resistant;
IS, insulin-sensitive.
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play a role. To identify the underlying mechanisms trigger-
ing the release of muscle-derived proteins and its influence
on insulin secretion and glucose homeostasis deserve
further research.

Muscle insulin sensitivity or glucose flux as
putative determinant factors of muscle protein
secretion pattern

As earlier mentioned, skeletal muscle insulin sensitivity and
glucose flux may be independent factors involved in an
inter-organ crosstalk under acute and chronic conditions.
Insulin sensitivity is defined as the ability of insulin to exert
its action. Such action is mostly restricted to glucose
metabolism, although it is known that insulin has multiple
actions. From a methodological perspective, insulin sensi-
tivity is accurately determined by a non-physiological
approach based on the extent at which glucose uptake
is stimulated at a given insulin dose (i.e. euglycaemic–
hyperinsulinaemic clamp) (72). Then, decreased insulin
sensitivity is paralleled by impaired glucose uptake.
However, under physiological conditions as observed upon
oral glucose stimulation, contrasting degree of insulin sen-
sitivity among individuals may well be accompanied by a
similar glucose uptake rate (49,73). On the other hand,
insulin sensitivity does not change in the transition from
fasting to postprandial state; however, quantitatively
important changes in glucose uptake during that period are
expected (49,73). Therefore, it is relevant to differentiate
the putative independent role of insulin sensitivity and
glucose flux in determining a given muscle secretion profile.

This conceptual framework gives insight for better
analysing some of the available evidence regarding the
influence of insulin resistance on the myokinome. For
instance, Bouzakri et al. (60) observed that specific pro-
teins were differentially found in conditioned media
collected from human insulin-sensitive versus insulin-
resistant myotubes (insulin resistance induced by TNFα
treatment over 24 h). Such finding suggests that insulin
resistance might drive muscle secretion profile. Consider-
ing that muscle cells were maintained under basal condi-
tions (no insulin), then, the classical feature of insulin
resistance i.e. impaired insulin-stimulated glucose trans-
port, will not be evident. Therefore, the role played by
insulin resistance when no insulin is present in the muscle
cell secretory profile is elusive. As a whole, insulin sensi-
tivity and glucose flux may interact and be part of a
complex interplay of short- and long-term relevance in
the regulation of insulin secretion and glucose homeosta-
sis. The available evidence from cellular, animal and
human studies is further discussed later and main relevant
findings are summarized in Table 1.

Evidence in cellular and animal models

One pioneer study describing the existence of a skeletal
muscle–pancreas crosstalk came from a muscle-specific
PGC1α (a master gene of mitochondrial biogenesis) KO
mouse model (MKO) (62). This experiment was originally
designed to test the hypothesis that a specific impairment
in skeletal muscle mitochondrial capacity will lead to defec-
tive muscle insulin action. On the contrary, this MKO

Table 1 Evidence supporting a skeletal muscle–pancreas crosstalk in the regulation of insulin secretion

Study Experimental design/model Insulin secretion-related outcome* Candidate myokines

Handschin et al. (62) Skeletal muscle-specific PGC1α KO mice Decreased in vivo GSIS and normal in
vitro GSIS (mouse pancreatic islets)

IL-6

Ellingsgaard et al. (61) Exercised mice (treadmill running) Increased in vivo GSIS IL-6
Hirner et al. (74) Skeletal muscle-specific RF1 TG mice Increased insulinaemia upon ipGTT Unknown

Bouzakri et al. (60) Conditioned media from TNFα-treated
human myotubes

Decreased in vitro GSIS (human and rat
beta cells)

IL-6/8, CCL-2/5/7, CXCL-1/2/3/6/10

Dela et al. (85) 3 months of training in T2DM subjects Increased in vivo GSIS in T2DM with
higher remaining pancreatic function

Not suggested

Malin et al. (86) 12 weeks of training in obese
pre-diabetic subjects

Decreased insulinaemia upon OGTT Not suggested

Tsuchiya et al. (78) 6, 9 and 12 weeks of training in rats Increased in vitro GSIS upon 9 and 12
week of training (rat pancreatic islets)

Not suggested

Almeida et al. (81) 8 weeks of training in rats Decreased in vitro GSIS upon 8 week of
training (rat pancreatic islets)

Not suggested

*When compared with control group.
CCL, chemokine C-C motif ligand; CXCL, chemokine C-X-C motif ligand; GSIS, glucose-stimulated insulin secretion; IL-6, interleukin-6; ipGTT,
intraperitoneal glucose tolerance test; KO, knockout; OGTT, oral glucose tolerance test; RF1, RING finger protein 1; T2DM, type 2 diabetes mellitus;
TG, transgenic; TNFα, tumour necrosis factor alpha.
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mouse presented similar or even enhanced insulin sensitiv-
ity when compared with wild-type mice.

However, MKO mice developed hyperglycaemia under
fasting and fed conditions that was accompanied by
hypoinsulinaemia and impaired in vivo glucose-stimulated
insulin secretion. Additionally, isolated islets of this MKO
model showed abnormal pancreatic islet morphology,
grossly enlarged islets compared with control, but smaller
individual beta cells, suggesting a higher number of beta
cells in MKOs. Interestingly, when tested in vitro for their
ability to secrete insulin in response to glucose, no differ-
ences in total insulin content and insulin secretion (at low
and high glucose concentrations) were detected between
control and MKO pancreatic islets. This finding prompted
the idea that an extrinsic factor, presumably arising from
muscle of the MKOs, was having a negative effect on
pancreatic islets function under in vivo conditions.

In this regard, Handschin et al. (62) found that muscle
tissue from MKOs showed increased expression of several
inflammatory-related genes such as IL-6 and TNFα.
Furthermore, circulating IL-6 concentration was increased
in these MKO animals. They also demonstrated that iso-
lated mouse pancreatic islets treated for 24 h with IL-6
manifested suppressed glucose-stimulated insulin secretion.
Because no features of inflammation or apoptosis were
detected in pancreas from MKO versus wild-type mice,
IL-6 or other skeletal muscle-derived circulating factors
appears to affect glucose-stimulated insulin secretion by an
inflammatory-independent mechanism. Thus, IL-6 seems to
be a candidate muscle-derived protein mediating a putative
muscle–pancreas crosstalk.

The potential role of IL-6 mediating this inter-organ
communication was also proposed by Ellingsgaard et al.
(61); although in this study, IL-6 appeared to stimulate
insulin secretion. This research demonstrated that IL-6
coming from contracting skeletal muscle or white adipose
tissue promoted GLP1 secretion from L cells and pancreatic
alpha cells leading to improved beta cell insulin secretion
and glucose tolerance. Indeed, blocking IL-6 action with an
antibody to this cytokine in db/db mice accelerated deterio-
ration of glucose tolerance. In vitro, IL-6 increased GLP1
production from mice L cells and human α cells through
increased proglucagon and prohormone convertase 1/3
expression. Thus, IL-6 appears to be part of a compensa-
tory mechanism to enhance insulin secretion and preserve
glucose homeostasis in states of insulin resistance.

Another study suggesting a potential muscle–pancreas
crosstalk came from a muscle-specific transgenic mouse
for RING finger protein 1, a protein responsible for
proteasome-dependent protein degradation. Once again,
the outcomes diverged from the original aim. Indeed, the
authors hypothesized that MRF1 overexpression would
lead to muscle wasting (74), but no features of increased
muscle degradation were observed. However, these trans-

genic animals showed lower hepatic glycogen content and
hyperinsulinaemia both at fast and fed conditions accom-
panied by delayed serum insulin peak. At the skeletal
muscle level, reduced protein content of the α subunit of
pyruvate dehydrogenase, its regulating kinase (PDK2), and
glycogenin mRNA expression (critical enzyme for de novo
glycogen synthesis) were detected. Taken together, this
study may suggest that skeletal muscle alterations in
glucose metabolism can trigger the release of a soluble
factor able to affect hepatic and pancreatic function.

An animal model that deserves analysis corresponds
to muscle-specific insulin receptor KO mice (MIRKO).
As expected, these mice exhibit severe muscle insulin
resistance [∼75% decrease in glucose utilization under
hyperinsulinaemic–euglycaemic clamp conditions (75)
(76) ]; however, glucose tolerance is essentially normal
(76). Interestingly, adipose tissue from MIRKO mice shows
a threefold increase in insulin-stimulated glucose uptake in
vivo relative to controls (75). This increase in fat glucose
uptake appears to be due to some unknown circulating
factors released from the muscle of MIRKO mice. In fact,
isolated adipocytes from MIRKO mice had similar in vitro
insulin-stimulated glucose transport when compared with
adipocytes from wild-type mice.

Consistent with this shift in the partitioning of glucose
into adipose tissue, MIRKO mice show increased whole-
body fat content, hypertriglyceridaemia and increased
serum FFA concentration. Therefore, these results suggest
that muscle, either through changes in substrate availability
or by acting as an endocrine tissue communicates with and
regulates insulin sensitivity in other tissues. As an extension
of these findings, mice having a deletion of the insulin
receptor in pancreatic beta and muscle cells (BIRKO/
MIRKO) have better glucose-stimulated insulin secretion
when compared with BIRKO mice (77). These findings
highlight the fact that changes in muscle metabolism
induced by the deletion of the insulin receptor gene may
lead to a differential myokine profile that can rescue the
abnormal glucose homeostasis in BIRKO mice.

Further information that supports the existence of a skel-
etal muscle–pancreas crosstalk came from the assessment
of glucose-stimulated insulin secretion in beta cells treated
with conditioned media from insulin-sensitive and insulin-
resistant (induced by 24-h TNFα treatment) human
myotubes (60). Multiple differences in the myotube-derived
soluble protein profile were detected, which was accompa-
nied by increased beta cell death, decreased cell prolifera-
tion and impaired glucose-stimulated insulin secretion
when compared with incubated beta cells with conditioned
media from non-TNFα-treated myotubes. As discussed
earlier, the role of insulin resistance on this finding when no
insulin was present is unclear.

An alternative strategy that suggests the endocrine role of
muscle on insulin secretion regulation comes from studies
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including exercise. In those studies, glucose-stimulated
insulin secretion from isolated pancreatic islets differs
between the control and exercised groups, although not
always following a consistent pattern (78–82). For
instance, Tsuchiya et al. (78) found enhanced glucose-
stimulated insulin secretion in exercised rats, whereas,
Almeida et al. (81) observed reduced glucose-stimulated
insulin secretion in response to training.

Evidence in humans

Direct evidence supporting (or negating) an interaction
between skeletal muscle and the pancreas has still not been
provided. On the other hand, there is no study intended
to specifically assess such muscle–pancreas crosstalk in
humans. Meanwhile, some studies assessing the role of
insulin on its own secretion might provide insight on the
existence of such skeletal muscle–pancreas crosstalk in
humans (8,14,39,83). We will only comment the study of
Halperin et al., because it is the most informative and all of
them showed similar outcomes (14).

Glucose-stimulated insulin secretion was measured in
healthy, glucose-intolerant and type 2 diabetic subjects
after a 4-h saline infusion (i.e. low insulinaemia and
low glucose disposal rate) and few weeks later after
a 4-h isoglycaemic–hyperinsulinaemic clamp (i.e. high
insulinaemia and high glucose disposal rate). It was con-
cluded that pre-exposure to insulin versus saline infusion
enhanced glucose-stimulated insulin secretion. This finding
was in line with in vitro evidence showing that insulin
promotes its own secretion (41). Interestingly, this effect
was impaired in individuals with altered glucose homeo-
stasis, which suggests that an underlying defect in beta cell
insulin signalling may be taking place.

Recently, Rhodes et al. (44) proposed another expla-
nation, on which the increased insulin-dependent insulin
secretion is mediated via alleviating the negative feed-
back of insulin through the central nervous system. It
is unclear how the divergent effect between individuals
with different glucose tolerance may be attributed to that
mechanism.

In line with the concept that skeletal muscle glucose flux
may be an important driving factor of insulin secretion, we
herein propose an alternative view point for Halperin’s
findings (14). Based on the fact that peripheral (mostly in
skeletal muscle) glucose flux at the level of its uptake (and
presumably glucose oxidation and storage as well) also
differed between the saline (no insulin) versus insulin infu-
sion condition (14), one can also envision that peripheral
glucose flux could influence the myokinome and mediate
the change in insulin secretion in response to insulin versus
saline infusion. Testing of this hypothesis will require iso-
lating the role of blood insulin concentration, insulin resist-
ance and glucose flux on insulin secretion.

In this regard, the independent role of hyperinsulinaemia
and insulin-stimulated glucose disposal rate on insulin
secretion was examined in a large-scale, multi-centre study
(n = 1,314) (15). Using multiple linear regression analysis,
this study confirmed that exposure to hyperinsulinaemia
promoted insulin secretion (as assessed by C-peptide secre-
tion) during a isoglycaemic–hyperinsulinaemic clamp. This
finding was independent of changes in glycaemia, body
mass index, age, sex and familial diabetes background.
Interestingly, such response was modulated by the degree of
insulin sensitivity. Indeed, at similar insulinaemia, insulin
secretion was enhanced in insulin-sensitive when compared
with insulin-resistant individuals. One can understand this
finding as indicative of an interaction between muscle and
the pancreas.

Alternatively, impaired insulin-stimulated insulin secre-
tion in insulin-resistant individuals may be just another
facet of systemic insulin resistance. Thus, impaired insulin
action at peripheral level (liver, muscle, fat) may also occur
in pancreatic beta cells as found in a rodent model of
diet-induced insulin resistance (84). If insulin plays a mean-
ingful physiological role regulating its own secretion, then
impaired beta cell insulin signalling may lead to decreased
insulin secretion. Future studies should explore key insulin
signalling nodes across tissues and cells including beta cells
from classical human/animal insulin-resistant models in
order to prove this hypothesis.

Additional evidence suggesting an eventual skeletal
muscle–pancreas crosstalk is observed in response to
physical training. Dela et al. (85) found in subjects
who have type 2 diabetes that a 3-month physical training
programme enhance glucose- and arginine-stimulated
insulin secretion, although this effect was only evident in
individuals with preserved remaining secretory capacity.
Additionally, Malin et al. (86) noted in pre-diabetic obese
individuals that a 12-week exercise intervention also
increased insulin secretion.

Concluding remarks

An interaction between skeletal muscle and pancreas
appears to occur, although so far most of the evidence
comes from genetically modified animal models. This evi-
dence is also supported by in vitro findings showing that
muscle-derived proteins can affect beta cell insulin secre-
tion. Meanwhile, it is largely unknown whether this
inter-organ communication proceeds under physiological
conditions. Furthermore, it remains undetermined which
are the triggering cellular and molecular factors that deter-
mine the release of muscle-derived proteins. Even more
important, one can ask why an interaction between muscle
and the pancreas may be needed.

In this regard, the human body has a well-organized
system to prevent hypoglycaemia, which is mostly regulated
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by the brain (87). This organ is a main and exclusive
insulin-independent glucose consumer (7,8); thereby, the
critical role of the brain on controlling the supply of such
nutrient makes sense. Following this rationale, skeletal
muscle as the main insulin-dependent glucose consumer
could also exert a role regulating glucose tolerance. Skeletal
muscle might release some kind of ‘signal’ to inhibit insulin
secretion when intracellular glucose (or its metabolites)
exceeds a given threshold. Additionally, skeletal muscle
could also enhance insulin secretion and favour glucose
disposal during a meal or in a subsequent one, the latter a
phenomenon known as the second-meal effect (88). This
action could prevent hyperglycaemia and promote adequate
intracellular glucose disposal throughout the day.

Regarding the role of these myokineson insulin secretion,
whether insulin synthesis, degradation or secretion, are
specifically targeted by these molecules must be elucidated.
Under the context of an endocrine interaction, these
myokines might also influence peripheral insulin clearance,
which add complexity to the regulation of blood insulin
concentration and action.

It must also be mentioned that studies oriented to spe-
cifically isolate the role of small changes in serum glucose
or post-meal FFA concentration from other more complex
mechanisms is required. Such studies oriented to identify
muscle-secreted proteins in response to specific manipula-
tions of skeletal muscle glucose flux, and their impact on
pancreatic insulin secretion at in vitro and in vivo level will
provide critical insights.

Finally, we conclude that skeletal muscle as an endocrine
organ could modulate its secretory profile to communicate
with other organs. Such crosstalk with the pancreas might
be of benefit for maintaining an optimal insulin secretion
and glucose homeostasis. Chronic insulin resistance and the
acute fasting-to-postprandial changes in glucose flux are
among the conditions/factors that may play a role deter-
mining the myokine secretion pattern. Understanding these
mechanisms may contribute to design better treatments for
conditions of altered glucose homeostasis.
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