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Introduction

Nowadays, physical activity is strongly considered as 
an effective strategy in both preventing and treating 
type 2 diabetes (T2D) [1,2]. Indeed, it is well established 
that exercises improve β-cell insulin signaling, insulin 
secretion, prevent pancreatic β-cell failure and impacts 

glucose homeostasis regulation in T2D patients [3-8]. 
Moreover, exercise has clearly shown to improve the 
peripheral insulin sensitivity in T2D patients and to 
have a beneficial effect on insulin resistance [9-12]. The 
improvement of peripheral insulin sensitivity in T2D 
patients and the beneficial effect on insulin resistance 
by the exercise have been widely documented. For these 
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reasons, major international diabetes associations 
(Diabetes UK, Canadian Diabetes Association, American 
Diabetes Association, and European Association for the 
Study of Diabetes) recommend a 3 to 5 times a week 
150 min of moderate to moderate intensive exercise for 
T2D patients [13-15]. Nevertheless, in view of the recent 
studies, it’s still undetermined what is the best formulation 
to have to get the optimal impact from exercise to improve 
significantly diabetic patient’s glycemic homeostasis. 
So, physical activity represents a great interest in the 
development of future strategies for the treatment and 
patients medical care for metabolic diseases. Therefore, 
it appears important to precisely understand mechanisms 

involved. That’s why, a lot of progress are made in many 
studies focusing on exercise metabolites. 

Skeletal muscle is known to secrete several hundred 
metabolites called “exerkines” (hormones, myokines, 
exosomes…) involved in inter-organ communication [15-
23]. Several exerkines have demonstrated a positive impact 
in β-cell function and glucose homeostasis regulation, 
such as Fractalkine [20], Irisin [24,25], Il-6 [26,27], Il-
10 [28], GDF15 [29], Osteoprotegerine [30], Il-15 [31,32], 
exosomes [33] etc. (Figure 1). Now, the challenge is to 
determine the best formulation for the diabetic patients’ 
treatment.

Figure 1: Brief summary of the endocrine properties of skeletal muscle. During physical activity, numerous exerkines 
are secreted and positively impact insulin secretion and glucose homeostasis regulation. In this figure, a brief illustration of what it 
known is summarized. For instance, Il-6 stimulates lipolysis in white adipose tissue, increases insulin secretion, enhances glucose 
uptake in skeletal muscle and trigger glucose production in liver during exercise. Moreover, Il-6 has anti-inflammatory properties 
stimulating Il-10 and Il-1ra release and decreasing TNF-α production. Then, Il-15 and GDF15 stimulate lipolysis. Furthermore, 
irisin increases browning of white adipose tissue. Finally, Fractalkine, OPG and exosomes improve insulin secretion and glucose 
uptake in skeletal muscle.

Abbreviations: Il-6: Interleukin-6; Il-10: Interleukin-10; Il-1ra: Interleukin-1 receptor antagonist; TNF-α: Tumor Necrosis Factor 
α; Il-15: Interleukin-15; GDF15: Growth and Differentiation Factor 15; OPG: Osteoprotegerin.
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Firstly, in this article, we aimed to collect recent data 
on exercise’s beneficial impact on glucose regulation 
in order to provide the best recommendations for T2D 
management. Secondly, we collected recent information 
on exerkines role on benefit effect of exercise obtained 
on β-cells function and glucose homeostasis in skeletal 
muscle by focusing on Fractalkine, Osteoprotegerin and 
Exosomes, targets of interest of our laboratory for several 
years.

Positive effect of exercise on glycemic regulation: 
what is the best recommendation?

Background: During the last decades, studies have 
reported that exercise impact insulin secretion, glucose 
homeostasis regulation and reduce β-cell dysfunction in 
T2D patients [10-12,34,35]. 

Indeed, Curran et al., observed in rodent model that 
exercise training improves β-cell insulin signaling and 
secretion through an increase in cell surface GLUT 2, 
an increase of intracellular glucokinase expression and 
an increase in insulin vesicles amount in the β-cell [3]. 
Furthermore, it is documented that training exercise 
increases β-cell mass through increased proliferation, 
protein synthesis and cell survival, coupled with decreased 
β-cell apoptosis [3,36,37]. 

It is well established that physical activity improves 
peripheral insulin sensitivity in T2D patients and has a 
beneficial effect on insulin resistance [9-12]. For instance, 
Park et al., demonstrated, in a model of electrical pulse 
stimulation (EPS)-induced contractile activity upon 
primary myotubes, that contraction enhances insulin 
action in myotubes of severely obese individuals. 
However, authors showed that this effect differs from 
lean subjects [38]. Then, exercise increases glucose 
uptake into skeletal muscle cells partly through an 
increase of GLUT 4 expression [39,40]. Furthermore, 
Nedachi et al., showed that EPS, on C2C12 myotubes, 
improved insulin responsiveness as assessed by GLUT4 
recycling. Moreover, it was shown that Tbc1d1, a Rab-GAP 
implicated in exercise-induced GLUT4 translocation in 
skeletal muscle, is phosphorylated on Ser(231) after EPS-
induced contraction [41]. Finally, Al-bayati et al., recently 
described that EPS mediated AMPK activation enhances 
the effect of insulin on glucose uptake and AS160Thr642 
phosphorylation in control myotubes [42]. 

Recommendations

The positive impact of exercise on glycemic control 
(β-cell function and glucose homeostasis in skeletal 
muscle) could be explained by several parameters such 
as intensity, duration, sex-gender, type of exercise 
(endurance versus resistance trainings) and prandial 
state. Indeed, Jimenez-Maldonado et al., showed that high 

intensity training has negative effects on the pancreatic 
islet in comparison to moderate intensity with a reduction 
in β-cells percentage per pancreatic islet in healthy rats 
[43]. However, Chavanelle et al. recently demonstrated 
that high intensity physical activity had more beneficial 
effect on glycemic regulation in comparison to resting 
and moderate activity conditions in a model of diabetic 
mice db/db [9]. Consequently, exercise intensity has to 
be adapted in function of physio-pathological status. 
Moreover, Heiskanen et al. found that both sprint interval 
and moderate-intensity continuous training efficiently 
reduced pancreatic fat, involved in metabolic disorder, and 
improve β-cell function in prediabetic and T2D patients. 
Thus, authors suggested that it should be seriously 
recommended as a treatment against insulin resistance 
[44]. Then, Bronczek et al. recently showed that resistance 
training improves glucose homeostasis by enhancing 
insulin secretion in healthy mice. Indeed, authors found 
in C57BL/6 mice that 10 weeks of resistance training 
improved glucose tolerance, reduced glycaemia, increased 
fed insulinemia and β-cell function [45]. Similarly, several 
studies leaded on endurance training effect showed a 
significant reduction of HbA1c and of inflammation in T2D 
patients [14,46,47]. All these data have suggested that it 
is important to adapt exercise intensity in function of the 
patient health status and that the combination of different 
type of training (endurance and resistance) could be the 
solution to have the best effect of physical activity to treat 
diabetes patients. Finally, Shakoor et al., have recently 
suggested a combination of exercise and restriction diet to 
manage positively T2D. More precisely, in their manuscript, 
authors indicated that an inclusion of very low-calorie 
diet (VLCD, 400-800 kcal/day) for 8 weeks and ≥ 150 
minutes exercise 5 times a week as lifestyle interventions 
can decrease glucose levels to normal, reduce HbA1c and 
improve insulin resistance and sensitivity. As stated in 
their study, very low-calorie diet for longer duration can 
results in serious complications including death of patient 
whereas, no death rate is observed when VLCD is taken for 
8 weeks or less [14,48]. 

For years, scientist wondered which mechanisms 
could be involved in the beneficial impact of exercise 
on glycaemia regulation of diabetic patients. It is highly 
suggested that benefit effects of physical activity on β-cell 
function and glycaemia homeostasis could be driven by 
exercise metabolites called “exerkines” like myokines and 
exosomes [22] secreted by skeletal muscle.

Impact of exercise-induced exerkines on 
pancreatic β-cells function and glucose 
homeostasis in skeletal muscle

Background: Nowadays, it is widely accepted that a 
crosstalk between the skeletal muscle and the pancreas, 
exists through the secretion of diverse hormones, called 
myokines, expressed and released by myotubes [16-19]. 
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Moreover, it has been shown that human skeletal muscle 
cells secrete different myokines depending on their insulin 
sensitivity, modulated by insulin resistance and that have 
a bimodal impact on β-cell insulin secretion, proliferation 
and survival [19,20]. Thus, it could contribute as well as 
to normal β-cell functional mass in healthy subjects, as 
its decrease in T2D [19]. Action of myokines expressed 
and secreted during exercise has been shown to improve 
insulin sensitivity in T2D patients [19,49]. Moreover, it 
was observed that the incubation of primary human and 
rat β-cells with conditioned media from healthy human 
myotubes increased insulin secretion in response to 
glucose stimulation [18]. As regards their beneficial impact 
on glucose regulation, studies focus on determining which 
myokines are involved in order to develop innovative 
therapeutic strategies for diabetes mellitus. For this article, 
three examples are mentioned hereafter.

Examples of recommended exerkines

Fractalkine: Fractalkine or CX3CL1 is a CX3C 
chemokine, expressed in various cell type as neurons, 
endothelial cells, hepatocytes, vascular smooth muscle 
cells, skeletal muscle cells and pancreatic β-cells [20,49-
53]. Several years ago, it was found that CX3CR1 
knockdown (Fractalkine receptor) in mice model induced 
hyperglycemia and reduced nutrient-stimulated insulin 
secretion. Moreover, β-cell function was impaired in 
isolated islets from these KO mice in comparison to 
wild type islets while fractalkine treatment of wild type 
islets enhanced β-cell insulin secretion. In addition, the 
injection of fractalkine in C57BL/6N allowed to increase 
plasmatic insulin levels and to improve glucose tolerance 
[54]. In another study, confirming the beneficial effect of 
fractalkine, Rutti et al. showed the existence of a muscle-
pancreas intercommunication axis in which fractalkine, 
produced by skeletal muscle cells, plays a role. Indeed, 
authors published that this latter protects human 
β-cells from the adverse effects of TNFα on molecular 
mechanisms involved in insulin granule trafficking by 
restoring the phosphorylation of Akt, AS160, paxillin and 
the expression of IRS2, ICAM-1, Sorcin, PCSK1 which are 
key proteins involved in the insulin secretion pathway 
[20]. Furthermore, Chaweewannakorn et al., showed 
that fractalkine, triggered by muscle contractile activity, 
is required for achieving proper GLUT4 translocation 
and glucose uptake in skeletal muscle [55]. In addition, 
Nagashimada et al. recently demonstrated in a model of 
Cx3cr1−/− mice fed induced obese with high fat diet regimen 
for 16 weeks, that CX3CL1-CX3CR1 signaling increased 
insulin resistance and inflammation due to a decrease in 
the number of anti-inflammatory M2-like macrophages 
and an increase in the number of proinflammatory M1-like 
macrophages. However, interestingly, authors observed an 
improvement of glucose tolerance and insulin resistance in 
their mice model after fractalkine administration [56]. In 
summary, all these data suggest that the CX3CL1-CX3CR1 

axis could be a target of interest to treat obesity-induced 
type 2 diabetes and that fractalkine could be an interesting 
pharmacological candidate to treat diabetic patients.

Osteoprotegerin: Osteoprotegerin (OPG) is a member 
of the Tumor Necrosis Factor Receptor Superfamily which 
is importantly expressed in human β-cells [57]. Moreover, 
OPG is known to increase bone formation inhibiting 
osteoclast differentiation and activation through its 
interaction with RANK Ligand (RANKL). As a result, 
RANK is not activated and cell proliferation is increased 
[58]. Interestingly, it was shown that OPG is one of only 
two common genes upregulated in islets from pregnancy, 
obesity/insulin resistance, and β-cell regeneration models 
[58]. This suggested that OPG played a key role in glycemic 
regulation. This was confirmed through two publications. 
Firstly, Kondegowda et al. found that daily injection of 
mouse recombinant OPG at 0.01–1.0 mg/g body weight 
for 7 days, increased β-cell proliferation in young, aged, 
and diabetic mice C57BL/6. This OPG’s effect on β-cell 
proliferation has also been observed in vitro on human 
β-cells by modulating CREB and GSK3 pathways, through 
binding RANKL and thus, by interfering with RANKL/
RANK interaction. Finally, authors showed that glucose 
homeostasis significantly improved in mice treated with 
1.0 mg/g of mOPG-Fc, after plasma insulin titration and 
intraperitoneal glucose tolerance test [58]. Secondly, Rutti 
et al., showed in their study leaded on primary human 
myotubes from soleus, vastus lateralis and triceps brachii 
muscles that OPG is triceps specific myokine. Moreover, 
they demonstrated that this protein decreased β-cells 
apoptosis. Then, this myokine either prevent the apoptosis 
induced by pro-infammatory cytomix (TNF-alpha, 
INFgamma and IL-1beta) and by the negative effect of 
conditioned medium of TNFα induced insulin resistance 
in soleus skeletal muscle cells (TNF-S-CM). Finally, using 
the same experimental conditions, authors found that OPG 
counteracts both the cytomix and TNF-S-CM negative 
effects on primary pancreatic beta-cells proliferation and 
insulin secretion [30].

In conclusion, regarding these studies, it appeared that 
OPG represents a promising molecule for the treatment of 
diabetes.

Exosomes: Concepts by which skeletal muscle acts an 
endocrine organ evolved as secreted extracellular vesicles 
(EVs) were described to be additional essential mediators 
of the cell-to-cell communications [59,60]. Exosomes 
are a class of 30–100 nm diameter EVs secreted by cells. 
These small vesicles contain proteins, lipids and nucleic 
acids that can be delivered to target cells, thus modulating 
their homeostasis [61,62]. They are now well described 
to be regulators of the cell-to-cell communication and 
rapidly became useful biomarkers for disease diagnosis 
and prognosis [63,64]. For years, several studies showed 
that secreted extracellular vesicles could improve glucose 
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homeostasis and increase insulin sensitivity following 
their internalization by metabolic tissues [17,65,66]. 
Additionally, some recent studies highlighted that 
exosomes content are altered in T2D patients [67,68]. 
Consequently, exosomes have essential roles on insulin 
signaling, insulin sensitivity, glucose homeostasis both in 
β-cells and skeletal muscle cells [33,69]. 

During physical activity, several studies showed that 
the amount of EVs is increased. Indeed, Frühbeis, et al. 
showed that a significant release of exosomes is triggered 
following a single bout of exhaustive exercise that lasts for 
the following 90 min at rest and EVs size and composition 
were different within the early recovery phase [70]. 
Similarly, Bertoldi et al. observed a lasting effect on 
exosomes secretion in rats that underwent a daily 20 min 
moderate treadmill exercise for 2 weeks [71]. Additionally, 
chronic endurance physical activity (3 weeks swimming) 
also favors exosomes secretion, as observed by Bei et al. 
in mice serum [72]. Moreover, it has been showed that 
significant change in the expression of 322 skeletal 
muscle expressed proteins were observed in circulating 
exosomes from healthy humans that underwent 1hr 
cycling exercise when compared to resting conditions [73]. 
Taken together, these few studies confirmed that exercise 
is a strong stimulus that induce exosomes secretion in the 
bloodstream, where the exercise intensity influences the 
number of vesicles to be released by the skeletal muscle. 
Thus, it emphasizes that physical activity, depending on 
its type and intensity, could exert beneficial effects on 
T2D through the modulation of exosomes secretion into 
the circulation [73,74]. Furthermore, studies suggest 
that the release of EVs could be fiber-type or muscle 
dependent too [74,75]. Finally, the identification of EVs 
content secreted by skeletal muscle cells during exercise 
showed the presence of proteins (IL-6, HSP60), of miRNA 
(miR-133a, miR206), LncRNA (H19) and circular RNA 
(ZNF609) which are described to have positive effect on 
i) pancreatic β-cells: β-cells function, β-cell survival and 
insulin secretion, ii) in skeletal muscle: cells survival / 
regeneration, glucose metabolism and insulin sensitivity 
[33,76]. 

To conclude, it seems that physical activity-secreted 
exosomes could be beneficial for T2D patients by impacting 
the crosstalk between metabolic tissues involved in glucose 
homeostasis.

Conclusion

In this article, we aimed to determine the best physical 
activity recommendation for diabetic patients and to 
bring new insights to understand the beneficial impact of 
exercise on glucose regulation with a focus on exerkines. 
Recent collected studies suggested that 3 to 5 times a week 

150 min of a combination of endurance and resistance 
trainings and a maximum of very low-calorie diet of 8 
weeks is the way to follow to have the best effect of physical 
activity. However, each diabetic patient is different and it is 
clear that it is important to adapt these recommendations 
in function of the patient health status. Moreover, it is 
sometimes difficult for diabetic patients to comply with 
these recommendations, either for health reasons or 
related to their professional activity, for example. In this 
context, the development of drugs is important to treat 
all patients and exerkines are growing evidences to be 
promising candidates. Indeed, among our exerkines of 
interest we highlight that Fractalkine, OPG and exosomes 
could be promising pharmacological candidates to treat 
diabetic patients as they have shown their protective 
effects on β-cell survival, on insulin secretion and on 
insulin resistance. However, pitfalls/common issues with 
Fractalkine, Osteoprotegerin and exosomes were not 
discussed in this article. Finally, additional investigations 
are required to determine the future best pharmacological 
formulation to treat diabetic patients.
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