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Highlights 

- Obesity results in massive lipid overload in non-fat storage tissues 

- Lipotoxicity leads to insulin resistance in skeletal muscle, a key metabolic organ 

- Mitochondria and endoplasmic reticulum are implicated in muscle insulin resistance 

- Targeting both organelles or their connections should be considered in the future 
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Abstract (100-250 words) 

Obesity and its associated metabolic disorders represent a major health burden, with 

economic and social consequences. Although adapted lifestyle and bariatric surgery 

are effective in reducing body weight, obesity prevalence is still rising. Obese 

individuals often become insulin-resistant. Obesity impacts on insulin responsive 

organs, such as the liver, adipose tissue and skeletal muscle, and increases the risk 

of cardiovascular diseases, type 2 diabetes and cancer. In this review, we discuss 

the effects of obesity and insulin resistance on skeletal muscle, an important organ 

for the control of postprandial glucose. The roles of mitochondria and the 

endoplasmic reticulum in insulin signaling are highlighted and potential innovative 

research and treatment perspectives are proposed.  

 

Keywords: mitochondria, endoplasmic reticulum, insulin resistance, skeletal muscle, 

lipid 

 

Introduction 

Modern lifestyle is characterized by high caloric diets and a sedentary behaviour, 

promoting an imbalance between energy uptake and expenditure, and causing body 

weight gain. In the last decades, obesity has become epidemic. According to the 

World Health Organization, more than 1.9 billion adults are obese, i.e. with a body 

mass index exceeding 30. In less than 35 years, the prevalence of obesity has more 

than doubled, although this is theoretically preventable by appropriate lifestyle 

measures and bariatric surgery, which is the most effective approach in inducing 

weight loss. The consequences of this epidemic are dramatic, as obesity increases 
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the risk of cardiovascular diseases, musculoskeletal disorders, cancer and metabolic 

diseases. In particular, increased blood levels of free fatty acids (FFA) and glucose 

observed in obesity trigger insulin resistance that will ultimately lead to type 2 

diabetes [1]. 

Skeletal muscle is one of the most important organs in the control of glucose 

homeostasis. Indeed, skeletal muscle accounts for 30% of total body weight and it is 

estimated that nearly 80% of glucose during euglycemic hyperinsulinemic clamps is 

taken up by skeletal muscle [2]. Therefore, it is of importance to further understand 

the underlying mechanisms responsible for the development of obesity-induced 

insulin resistance in skeletal muscle in order to develop new therapeutic strategies 

restoring glucose homeostasis. 

Insulin resistance is defined as a lower response of its target organs, such as the 

liver, white adipose tissue and skeletal muscle, to insulin action. In physiological 

states, insulin produced by pancreatic β-cells in response to postprandial 

hyperglycemia is secreted in blood and binds in target tissues to the Insulin Receptor 

(IR). Conformational changes of the receptor lead to autophosphorylation of its 

intracellular subunits on tyrosine amino acids (Figure 1). Consequently, Insulin 

Receptor Substrates (IRS) are phosphorylated on tyrosine residues, allowing IRS to 

interact with PhosphatidylInositol-3-Kinase (PI3K) through its Src Homology 2 (SH2) 

binding domain. PI3K converts PhosphatidylInositol biPhosphate (PIP2) into 

PhosphatidylInositol triPhosphate (PIP3). PIP3 formation allows the recruitment of 

the Protein Kinase B (PKB), also known as Akt, to the plasma membrane. To be fully 

activated, Akt is subsequently phosphorylated on serine 473 by the rictor-mammalian 
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Target Of Rapamycin (mTOR) [3], which then facilitates threonine 308 

phosphorylation by the Phosphoinositide-Dependent Kinase 1 (PDK1) [4]. 

After its translocation back into the cytoplasm, Akt phosphorylates several 

substrates, mobilizing GLUcose Transporters 4 (GLUT4) to the plasma membrane, 

thereby enhancing glucose uptake capacity. Akt also increases glycolysis and 

glycogen production through phosphorylation and inhibition of Glycogen Synthase 

Kinase 3β (GSK3β), which in turn promotes Glycogen Synthase (GS) activity [1].  

 

Figure 1: Schematic representation depicting insulin signaling in skeletal muscle. 

Insulin binds to its receptor and activates Akt. In turn, Akt promotes glycolysis, 

increases GLUcose Transporter 4 (GLUT4) translocation to the plasma membrane 

and, by phosphorylating and inhibiting Glycogen Synthase Kinase 3β (GSK3β), 

activates glycogen production by Glycogen Synthase (GS). Insulin Receptor (IR), 
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Insulin Receptor Substrate (IRS), mammalian Target Of Rapamycin (mTOR), 

PhosphatidylInositol-3-Kinase (PI3K), PhosphatidylInositol biPhosphate (PIP2), 

PhosphatidylInositol triPhosphate (PIP3), Phosphoinositide-Dependent Kinase 1 

(PDK1). 

 

Obesity is associated with skeletal muscle lipid overload. This is due to an increased 

synthesis and export of Very-Low-Density Lipoproteins (VLDL) by the liver [5], 

increasing the delivery of FFA to peripheral organs. Ectopic fat deposition [6], i.e. 

TriGlycerides (TG) accumulation in non fat-storage tissues, notably skeletal muscle, 

occurring when white adipose tissue reaches its physical and functional limits [7], 

promotes insulin resistance and type 2 diabetes. At the cellular level, lipid-induced 

skeletal muscle insulin resistance has been associated with ceramide accumulation, 

DiAcylGlycerol (DAG) generation and Protein Kinase C (PKC) activation. These 

events lead to the impairment of IR-IRS-PI3K-Akt signaling and to a reduction in 

glucose uptake (For review: [1]). 

In this context, a debated topic is whether mitochondria and Endoplasmic Reticulum 

(ER) participate to lipid-induced skeletal muscle insulin resistance [8]. Here we 

summarize the most recent knowledge regarding both organelles. We also give an 

overview of the treatments used in humans to improve insulin sensitivity in skeletal 

muscle through, at least in part, changes in mitochondria and ER functions. Finally, 

we propose several research axes to improve skeletal muscle insulin sensitivity.  

 

To help both specialist and non-specialist readers, we provide a table referencing all 

proteins mentionned in the text with their localization and function (Table 1). 
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I. Mitochondria and skeletal muscle insulin resistance 

Mitochondria are double-membrane organelles dedicated to energy production 

through OXidative PHOSphorylation (OXPHOS). Four respiratory complexes 

transporting electrons from reduced coenzymes, e.g. NADH,H+ and FADH2, provided 

by the Krebs/TriCarboxylic Acid (TCA) cycle fed by glycolysis-produced pyruvate and 

lipid β-oxidation, generate a proton gradient across the mitochondrial inner 

membrane. The resulting electrochemical gradient provides the energy required to 

convert Adenosine DiPhosphate (ADP) into Adenosine TriPhosphate (ATP) by ATP 

synthase. Therefore, logically, initial efforts focused on how alterations in metabolic 

pathways could alter glucose or lipid metabolism, leading to mitochondrial 

dysfunction and impairment of ATP production. However, more recently, research 

interests have shifted to the pathways regulating mitochondrial population quality, 

including de novo formation of mitochondria (biogenesis), exchange of components 

between mitochondria (dynamics) and removal of damaged mitochondria 

(mitophagy). Below, we briefly discuss the main pathways that alter the primary 

function of mitochondria as well as mitochondria population quality. 

 

I.1. Primary mitochondrial alterations in insulin resistance 

Although the results slightly differ between studies, probably due to the type and 

duration of the diets as well as the muscle type examined, most studies report 

alterations in skeletal muscle TCA cycle [9], loss of respiratory mitochondrial complex 

I and IV activity [10], lowered mitochondrial respiration and ATP production [11,12] 

in High-Fat Diet (HFD)-fed rodents. 
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As lipids have deleterious effects on insulin sensitivity, the consequences of a 

substrate switch from FFA to glucose have been tested by inhibiting Carnitine 

PalmitoylTransferase 1 (CPT1), the rate-limiting enzyme controlling long-chain acyl-

coenzyme A entry into mitochondria. Short-term (8 days) CPT1 inhibition with 

etomoxir in humans [13] or partial deletion of CPT1 in mice [14] improves skeletal 

muscle insulin sensitivity as revealed by enhanced insulin-dependent Akt 

phosphorylation, GLUT4 translocation to the sarcolemmal membrane [13] and 

increased glucose oxidation capacity [14]. However, chronic CPT1 inhibition for four 

weeks by etomoxir added in food [15] or the long term effects of CPT1 deletion [16] 

in rodents are deleterious as Glucose Disposal Rate (GDR) [15] and skeletal muscle 

insulin signaling [16] are reduced upon insulin stimulation. Under these conditions, a 

tight correlation is found between intramyocellular lipid concentration and the GDR 

[15,16].  

Mitochondrial fatty acid oxidation generates higher amounts of Reactive Oxygen 

Species (ROS) compared to carbohydrate oxidation. Consistently, excessive fat 

intake results in enhanced ROS generation by skeletal muscle mitochondria both in 

animals and humans [17–20]. Despite this correlation, the causative link between 

mitochondrial ROS production and insulin resistance in skeletal muscle remains 

unclear as mitochondria-targeted catalase Manganese SuperOxide Dismutase 

(MnSOD) [18] overexpression prevents HFD-induced insulin resistance, while anti-

oxidant pharmacological treatments do not despite efficient ROS sequestering 

[20,21].  

 

I.2. Mitochondrial population quality control pathways 
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a. Mitochondrial biogenesis 

Peroxisome Proliferator-Activated Receptor (PPAR) γ Coactivator-1 α (PGC-1α) 

promotes mitochondrial biogenesis. However, conflicting results have been reported 

in rodents upon chronic (between 3 and 25 weeks) HFD feeding: on the one hand, 

increased expression of PGC-1α and citrate synthase, a marker of mitochondrial 

mass, is observed [22,23], while on the other hand reduced PGC-1α mRNA 

expression is found associated with decreased OXPHOS capacity and incomplete 

fatty acid oxidation [19,24,25]. The source of fat, animal species and assessed 

muscle could explain these discrepancies. Nevertheless, decreased PGC-1α gene 

expression is also found in muscle biopsies from insulin-resistant prediabetic [26,27] 

and type 2 diabetic patients [27–29]. Moreover, activation or overexpression of the 

deacetylase SIRTuin 1 (SIRT1), which targets and activates PGC-1α, exerts 

beneficial effects on mitochondrial mass and skeletal muscle insulin resistance 

[30,31]. Consistently, PGC-1α overexpression improves insulin sensitivity in rat 

tibialis anterior [32] and reverses skeletal muscle insulin-resistance in obese rats 

[33]. 

b. Mitochondrial dynamics 

Mitochondria are highly dynamic organelles moving along the cytoskeleton, which 

can fuse or divide to adapt their metabolism according to the environment [34]. 

Several proteins with GTPase activity control mitochondrial remodelling. Mitofusins 

(Mfn1 and Mfn2) and Optic atrophy 1 (Opa1) are the major proteins involved in the 

fusion of outer and inner mitochondrial membranes, respectively. Dynamin-related 

protein 1 (Drp1) and its receptor protein Fission 1 (Fis1) are involved in mitochondrial 
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fission [34]. Changes in the machineries involved in mitochondrial dynamics have 

been detected in skeletal muscle from HFD-fed mice [35]. 

On the fusion side, insulin-resistant skeletal muscle from obese Zucker rats 

expresses less Mfn2 [36]. Accordingly, Mfn2-deficient mice or muscle-specific Mfn2 

silencing by miRNA electroporation in tibialis anterior and gastrocnemius muscles 

reduces the mitochondrial respiratory control ratio, increases oxidative stress (higher 

H2O2 production) and triggers defective insulin signaling, e.g. reduced Akt 

phosphorylation and lower interaction between IRS1 and the p85 subunit of PI3K 

upon insulin stimulation [37]. Skeletal muscle Mfn2 overexpression by adenovirus 

infection in HFD-fed rats also reduces lipid intermediates, e.g. DAG and ceramides, 

increases GLUT4 expression and translocation, and insulin sensitivity [38,39]. 

Interestingly, overexpression of miR-106b, whose expression is increased in diabetic 

patients and HFD-induced insulin resistant mice [40,41] and which inhibits Mfn2 

translation by targeting the 3’ untranslated region of Mfn2 mRNA [42], is 

accompanied by reduced glucose uptake and impaired insulin signaling [42]. 

Consistently, Mfn2 expression levels are reduced in skeletal muscle from obese men 

and women [36,43]. 

On the fission side, palmitate treatment in differentiated C2C12 muscle cells induces 

mitochondrial fragmentation through Drp1, an effect prevented by the transfection of 

a dominant negative-Drp1 form and Drp1-specific shRNA-mediated knock-down [44]. 

Interestingly, treatment of ob/ob mice with the cell-permeable selective inhibitor of 

Drp1 Mdivi-1 restores the mitochondrial network and is associated with improved 

insulin sensitivity [44]. Overall, mitochondrial fission inhibition as well as 

mitochondrial fusion increase skeletal muscle insulin sensitivity. 
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c. Mitophagy 

Macroautophagy, the process by which altered organelles are recycled, involves 

several proteins, such as Autophagy-related (Atg) proteins and microtubule-

associated protein-1 Light Chain-3 (LC3) [45]. Mitophagy [46] requires additional 

proteins such as Phosphatase and TENsin homolog (PTEN)-induced putative kinase 

1 (Pink1), Beclin 1, mitochondrial dynamics-related proteins, PI3K, BCL2/Adenovirus 

E1B 19 kDa Protein‐Interacting Protein 3 (BNIP3) and Parkin2. Mfn2 and Heat 

shock protein 72-kDa (Hsp72) are required to label mitochondria for degradation. 

Inhibition of mitophagy achieved by Hsp72 invalidation in mice results in skeletal 

muscle insulin resistance, as assessed by hyperinsulinemic-euglycemic clamps [47], 

while Hsp72 overexpression improves insulin-stimulated skeletal muscle glucose 

uptake [48]. In obese individuals, no changes in Beclin1, BNIP3 and PI3K [49] are 

detected. However, Hsp72 mRNA expression in vastus lateralis is inversely 

correlated with GDR in type 2 diabetic patients [50].  

 

I.3. Mitochondria and muscle mass 

Skeletal muscle mass is positively correlated with its insulin sensitivity [51–53]. 

Muscle mass depends on the balance between protein synthesis, which is controlled 

by the mTOR pathway and protein degradation by the Forkhead box O (FoxO) 

pathway [54]. Age-related skeletal muscle mass loss or sarcopenia, has been 

associated with obesity, giving rise to the sarcopenic obesity concept, in which (i) 

obesity potentiates aging-related skeletal muscle loss and (ii) aging exacerbates 

intramuscular fat accumulation and obesity-induced insulin resistance [10,55–57]. 
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Mitochondrial dysfunction leads to human skeletal muscle mass loss [58,59]. First, 

PGC-1α protein is decreased in skeletal muscle of sarcopenic patients [60]. 

Interestingly, high levels of PGC-1α and PGC-1β protect against catabolic-induced 

muscle mass loss through FoxO3 repression [61]. Second, promoting fission by 

reducing Mfn2 expression [62] or overexpressing Drp1 [63] induces skeletal muscle 

mass loss. Consistently, enabling fusion through Opa1 overexpression [64] or the 

use of a dominant negative mutant for Drp1 [65] prevents skeletal muscle mass loss. 

Third, mitochondrial ROS promote muscle sarcopenia in mice [66]. Mitochondria-

targeted anti-oxidants rescue muscle atrophy provoked by immobilization protocols 

[67,68]. Finally, pro-mitophagy protein Parkin expression is decreased in aged 

skeletal muscle [69]. 

 

To conclude, deregulation of both primary mitochondrial function and mitochondrial 

population quality control are key elements in lipid-induced insulin resistance in 

skeletal muscle (Figure 2). 
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Figure 2: Principal targets of lipid-induced mitochondrial dysfunction and subsequent 

consequences associated with insulin resistance in skeletal muscle. Both defects in 

primary function and quality control of mitochondria participate in skeletal muscle 

insulin resistance through direct modulation of the insulin signaling pathway or 

indirectly by inducing atrophy and apoptosis. Mitofusin (Mfn), Peroxisome 

Proliferator-Activated Receptor (PPAR) γ Coactivator 1α (PGC-1α), Carnitine 

PalmitoylTransferase 1 (CPT1), TriCarboxylic Acid (TCA) cycle, Reactive Oxygen 

Species (ROS), OXidative PHOSphorylation (OXPHOS), Adenosine TriPhosphate 

(ATP), Optic atrophy 1 (Opa1), Dynamin-related protein 1 (Drp1), mitochondrial 

Fission 1 protein (Fis1), Phosphatase and TENsin homolog (PTEN)-induced putative 

kinase 1 (Pink). Green arrows indicate activation, while red lines represent an 

inhibition. In case of conflicting results, both green arrow and red line are associated 

with their references. 
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II. The endoplasmic reticulum and skeletal muscle insulin resistance  

The Endoplasmic Reticulum (ER) is an important organelle involved in many 

processes such as calcium homeostasis, protein folding in the secretory pathway, 

lipid metabolism and apoptosis. In skeletal muscle, the ER is called sarcoplasmic 

reticulum and is specialized in calcium homeostasis during excitation-contraction 

coupling, allowing muscle contraction (Figure 3). Indeed, sarcolemma depolarization 

induces changes in the Transverse Tubule (TT) voltage sensors, also called 

DiHydroPyridine Receptors (DHPR), that are transmitted to the Ryanodine Receptors 

(RyR), which, in turn, release calcium into the cytosol. Calcium binding on the 

troponin complexes allows the interaction between actin and myosin myofilaments 

and triggers muscle contraction. Relaxation is achieved when cytosolic calcium has 

been taken up by the Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA). 

However, functional triads, i.e. association between a TT and a pair of terminal 

cisternae of the sarcoplasmic reticulum, require important amounts of ATP. Therefore 

a large number of mitochondria are localized under the sarcolemma or between 

myofibers to provide enough energy for proper ER homeostasis, pointing out the 

importance of both organelles for proper muscle homeostasis [70].  
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Figure 3: Schematic representation of muscular triad. Mitochondria and sarcoplasmic 

reticulum enable muscular contraction/relaxation. Transverse Tubule (T-Tubule), 

Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA), DiHydroPyridine Receptor 

(DHPR), Ryanodine Receptor (RyR), Adenosine TriPhosphate (ATP). 

 

Disruption of ER homeostasis may participate in skeletal muscle insulin resistance 

during obesity. In particular, lipid-induced ceramide synthesis in the ER and ER 

stress-induced Unfolded Protein Response (UPR), through subsequent apoptosis, 

inflammation, autophagy and skeletal muscle atrophy, contribute to insulin 

resistance, specifically in skeletal muscle. 
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II.1. De novo ceramide synthesis: from physiology to insulin resistance 

Ceramides are sphingolipids belonging to the general family of phospholipids. They 

are composed of a fatty acid and a sphingosine bound by an amide linkage. Although 

they are not plasma membrane constituents, ceramides participate indirectly in 

plasma membrane homeostasis as precursors of sphingomyelins, an important class 

of plasma membrane phospholipids. Moreover, ceramides are major lipid mediators 

that modulate the cell cycle and promote apoptosis [71]. 

 

Two distinct synthesis pathways lead to ceramide formation. The first consists in the 

conversion of membrane-localized sphingomyelin into ceramide through the action of 

sphingomyelinases, which are located at the plasma membrane or in 

endosome/lysosome compartments [71]. The second is called de novo ceramide 

biosynthesis and begins in the ER (Figure 4). De novo biosynthesis is initiated by 

condensation of palmitoyl-CoenzymeA (palmitoyl-CoA) and serine into 3-

ketosphinganine by Serine PalmitoylTransferase (SPT). Then, 3-KetoSphinganine 

Reductase (KSR) converts 3-ketosphinganine into sphinganine, which is acylated by 

Ceramide Synthase (CerS), to produce DiHydroCeramide (DHCer). Finally, the 

DHCer DESaturase (DES) turns DHCer into ceramide (Figure 4). In physiological 

conditions, ceramide is then translocated by the ceramide transfer protein to the 

Golgi apparatus, where it is converted by sphingomyelinase into sphingomyelin, a 

component of the plasma membrane. Thus, de novo ceramide biosynthesis allows 

regeneration and expansion of the cell membrane [71].  

Some of the enzymes involved in the de novo synthesis can be found in 

mitochondria, but all are found in the ER [72]. 
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Figure 4: De novo ceramide synthesis pathway in the endoplasmic reticulum. coA: 

coenzyme A. Myriocin/cycloserine and fumonisin B1 inhibit serine-

palmitoyltransferase and ceramide synthase, respectively. 

 

Animal and human studies demonstrate that HFD-feeding or obesity leads to skeletal 

muscle ceramide accumulation [10,73]. Palmitate, transformed through the action of 

palmitoyl-CoA synthase in active palmitoyl-CoA, the early precursor of de novo 

ceramide biosynthesis [74], is used to induce ceramide accumulation in skeletal 

muscle cell lines [10]. Interestingly, palmitate represses insulin-stimulated Akt and 

GSK3β phosphorylation [10]. Independently, intracellular ceramide accumulation by 

inhibition of ceramide glucosylation with the glucosylceramide synthase inhibitor DL-

threo-1-Phenyl-2-Decanoylamino-3-Morpholino-1-Propanol (PDMP), or inhibition of 

ceramide deacylation with the ceramidase inhibitor N-Oleoyl-Ethanolamine (NOE), 

inhibits insulin-stimulated Akt-phosphorylation in C2C12 cells [75]. In addition, 

activation of PKCζ by ceramide treatment reduces insulin-induced Akt 

phosphorylation in L6 myotubes [76]. Nevertheless, induction of ceramide 

accumulation may not entirely recapitulate insulin resistance. For instance, whereas 
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overexpression of the ceramide synthase isoforms 1 and 6 in L6 myotubes promotes 

ceramide accumulation, this also enhances Akt phosphorylation after insulin 

treatment [77]. Unfortunately, to the best of our knowledge, no human studies have 

yet investigated whether these enzyme isoforms are modulated in skeletal muscle of 

obese or diabetic patients. 

The pharmacological compounds fumonisin B1 and myriocin/cycloserine inhibit CerS 

and SPT, respectively, and hence de novo ceramide synthesis (Figure 4). 

Cycloserine, myriocin and fumonisin B1 prevent palmitate-induced ceramide 

accumulation in C2C12 cells [75]. These molecules also restore insulin-induced Akt 

and GSK3β phosphorylation impaired by palmitate [75]. In mice, subcutaneous 

injection of myriocin during the last 4 weeks of a 6 week-saturated fat diet reverses 

ceramide accumulation in quadriceps muscle and glucointolerance [78]. Consistently, 

daily intraperitoneal myriocin injections in the last four weeks in mice fed a HFD for a 

total 12-week period protects mice against insulin resistance and glucose 

intolerance, associated with decreased ceramide accumulation and improved of 

insulin signaling in gastrocnemius muscle [79]. Physical activity is also beneficial as 

exercise prevents ceramide accumulation and subsequent impairment of insulin 

resistance in ex vivo rodent palmitate-treated soleus muscle [80]. Interestingly, 

fumonisin B1 treatment has similar effects as exercise [80].  

 

II.2. ER stress in skeletal muscle insulin resistance 

An important function of the ER is to properly fold newly synthesized proteins, which 

will either stay in the organelle or follow the secretory pathway. ER chaperone 

proteins belong to the family of the Glucose-related proteins (Grp). Some examples 
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are Grp78 (also called Binding-immunoglobulin Protein (BiP)), Grp94, Grp170 and 

150 kDa-Oxygen-Related Protein (ORP150). Impairment of calcium homeostasis and 

redox buffer capacity [81] as well as ceramide accumulation [10] lead to an 

imbalance between the ER folding capacity and the amount of luminal proteins that 

require to be folded, triggering a specific stress response called UPR (Figure 5). 

Under normal conditions, Inositol-Requiring Enzyme 1 (IRE1), Protein kinase R-like 

ER Kinase (PERK) and Activating Transcription Factor 6 (ATF6), three proteins 

inserted in the ER membrane, are bound to the foldase BiP. When ER stress occurs, 

BiP is released to assist in protein folding. As a consequence, the UPR is activated 

through oligomerisation of IRE1 and PERK as well as ATF6 translocation to the Golgi 

apparatus. IRE1, which has endonuclease activity, processes unspliced X-box 

binding-1 (uXBP1) into spliced XBP1 (sXBP1). PERK phosphorylates the eukaryotic 

translation Initiation Factor 2α (eIF2α), hence inducing translation inhibition and ATF4 

activation. ATF6 is cleaved by Site-1 and Site-2 Proteases (SP1/SP2), which are 

localized in the Golgi apparatus membrane. sXBP1, ATF4 and cleaved ATF6 

translocate to the nucleus, bind to specific promoters controlling the expression of 

chaperones, antioxidant enzymes and enzymes involved in the ER-Associated 

Protein Degradation (ERAD) process in order to counterbalance protein overload. In 

case of sustained stress, UPR may also activate apoptosis and proinflammatory 

pathways [81]. More information on ER stress and UPR is available in these reviews 

[82,83].
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Figure 5: Schematic view of the Unfolded Protein Response. Accumulation of 

unfolded proteins in the endoplasmic reticulum lumen leads to dissociation of the 

Binding immunoglobulin Protein (BiP) from Inositol-Requiring Enzyme-1 (IRE1), 

Protein kinase R-like ER Kinase (PERK) and Activating Transcription Factor 6 

(ATF6). IRE1 converts unspliced X-box Binding Protein-1 (uXBP1) into its spliced 

form sXBP1; PERK activates eukaryotic translation Initiation Factor 2α (eIF2α), which 

promotes Activating Transcription Factor 4 (ATF4) and inhibits protein translation; 

ATF6 translocates to the Golgi apparatus where it is processed by Site-1 and Site-2 

Proteases (SP1/SP2). Finally, sXBP1, ATF4 and ATF6 bind to target gene 

promoters, leading to transcriptional activation and synthesis of proteins which will 

improve the folding capacity, reduce oxidative stress and activate the ER-Associated 

protein Degradation (ERAD) process. If sustained, UPR can trigger inflammation and 
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apoptosis. Glucose-related protein (Grp) 94 (Grp94) and 170 (Grp170), 150 kDa 

Oxygen-Related Protein (ORP150), CCAAT/enhancer binding protein (C/EBP) 

HOmologous Protein (CHOP) 

 

In skeletal muscle of HFD-fed and genetically (ob/ob) obese mice, UPR is activated 

and promotes insulin resistance [84–87]. Palmitate, commonly used to induce insulin 

resistance in muscle cell models, activates UPR [88,89]. Of note, non-lipidic ER 

stressors such as the N-glycosylation inhibitor tunicamycin [84,86,90–94] and the 

SERCA inhibitor thapsigargin [86,87,90,92,94], reproduce ER stress-induced insulin 

resistance in myotubes. 

IRE1 indirectly activates c-Jun N-terminal Kinase (JNK) [95], which, in turn, 

phosphorylates the IRS on serine residues [96], reducing insulin signaling. The IRE1 

pathway, and more specifically sXBP1 [85], has also been shown to mediate insulin 

resistance through inhibition of PI3K signaling by increasing expression of Skeletal 

muscle and Kidney-enriched Inositol polyphosphate Phosphatase (SKIP), which 

binds to BiP in absence of insulin and absence of ER stress [97]. Moreover, 

glucosamine, a glucose metabolite generated during hyperglycemia, triggers ER 

stress-induced insulin resistance, and ATF6 silencing is able to abolish the inhibitory 

effects of glucosamine on insulin signaling [98]. 

Crosstalks between UPR signaling, Extracellular signal-Regulated Kinase (ERK) and 

AMP-activated Kinase (AMPK) modulate skeletal muscle insulin resistance 

[84,89,91,94,99]. ER stress activates ERK and inhibits AMPK in rodent myotubes 

[84,91,94]. The ERK inhibitor U0126 restores insulin signaling and glucose uptake 

through AMPK activation in tunicamycin-treated myotubes from soleus muscle of 
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db/db mice [91]. Moreover, U0126 has no effect when cells are transfected with 

siRNA targeting AMPK [91]. Interestingly, ERK inhibition also prevents PERK and 

IRE-1 phosphorylation in tunicamycin-treated myotubes [91], but the role of AMPK in 

this crosstalk was not investigated. Nevertheless, the AMPK activators AICAR and A-

769662 reverse both insulin resistance and ER stress caused by palmitate treatment 

in myotubes, while AMPK inhibition with compound C and overexpression of a 

dominant negative AMPK form exacerbate insulin resistance [89]. In vivo, treatment 

with the AMPK activator Low Molecular Weight Fucoidan (LMWF) alleviates ER 

stress and insulin resistance in skeletal muscle of db/db mice [99]. Interestingly, 

ob/ob mice treated with the anti-cancer molecule bortezomib, which is primarily a 

proteasome inhibitor, display improved insulin sensitivity, lower muscle UPR 

activation and higher Akt activation upon insulin treatment [100]. The same beneficial 

effects of bortezomib were observed in palmitate-treated C2C12 myotubes [100]. 

AMPK silencing abolishes bortezomib action [100], suggesting again that AMPK 

activation reduces ER stress and improves skeletal muscle insulin sensitivity.  

Calcium is another potent modulator of ER stress-induced insulin resistance in 

skeletal muscle. Indeed, an increase in SERCA2b expression by the natural 

compound jaceosidin restores insulin signalling in insulin-resistant C2C12 myotubes, 

as assessed by increased phosphorylation of IR-β, IRS-1 and Akt [101]. This is 

associated with a lower induction of BiP and CCAAT/enhancer binding protein 

(C/EBP) HOmologous Protein (CHOP) as well as eiF2α phosphorylation [101]. 

Consistently, daily intraperitoneal injection of jaceosidin during 20 days restores 

insulin-stimulated Akt phosphorylation and reduces CHOP protein and eiF2α 

phosphorylation in skeletal muscle from 16-week HFD-fed mice [101]. Finally, 
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Calcium/calmodulin-dependent protein Kinase Kinase 2 (CaMKK2) is required for the 

beneficial effects of the AMPK activator glyceollin on insulin sensitivity in db/db mice 

[87]. 

Protein Tyrosine Phosphatase 1B (PTP1B), which is located in the ER membrane, is 

a negative regulator of insulin signaling by dephosphorylating tyrosine residues of IR 

and IRS1 [102]. ptp1b gene silencing in obese mice alleviates skeletal muscle 

glucose intolerance and reduces eIF2α phosphorylation, but does not affect other ER 

stress-related pathways [93]. Consistently, ptp1b knockdown in HFD-fed mice 

prevents both ER stress and skeletal muscle insulin resistance [103]. 

In obese patients, ectopic lipid accumulation triggers muscle inflammation, which in 

turn contributes to impaired insulin sensitivity [104,105]. The pro-inflammatory 

transcription factor Nuclear Factor kappa B (NF-κB) is activated upon tunicamycin 

treatment and in gastrocnemius muscle of HFD-fed mice [103]. In addition, both 

treatment with the chemical chaperone TauroUrsoDeoxyCholic Acid (TUDCA), which 

enhances protein stabilization directly or through association with other chaperones 

[106],  and knockdown of UPR genes counteract LipoPolySaccharide (LPS) and 

InterLeukin-1β (IL-1β)-induced inflammation in primary muscle cells [107]. This is 

accompanied by a restoration of glucose uptake and phosphorylation of IR and IRS1 

upon insulin treatment [107].  

A few studies have proposed that the UPR is not involved in skeletal muscle insulin 

resistance [88,108–110]. Nevertheless, the chemical chaperones 4-Phenyl Butyric 

Acid (PBA), which reduces protein aggregation by binding to hydrophobic segments 

of misfolded proteins [106], and TUDCA restore insulin sensitivity in ob/ob mice, 

through improvement of skeletal muscle glucose uptake as revealed by 
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hyperinsulinemic euglycemic clamp assays [111]. Consistently, mice overexpressing 

the ER chaperone ORP150 display better insulin signaling in skeletal muscle [112]. 

Moreover, daily gavage with the chemical chaperone 3-Hydroxy-2-Naphthoic Acid (3-

HNA) during 2 weeks restores insulin-stimulated Akt phosphorylation in soleus 

muscle from ob/ob mice [113]. In humans, there is no evidence of alterations in ER 

chaperone expression and function in metabolic disorders. In addition, the UPR is not 

activated in skeletal muscle of humans after a 6-week hypercaloric fat-enriched 

nutritional program [114]. Nevertheless, total area under the glucose curve after an 

oral glucose tolerance test and the Matsuda index, which reflects hepatic and 

muscular insulin sensititvity, remain unchanged [114]. Overall, there are no human 

studies testing a more relevant paradigm for the pathology of type 2 diabetes. 

 

II.3. ER dysfunction-induced skeletal muscle mass loss   

Compared to 6-month old rats, skeletal muscle from 32-month old sarcopenic 

animals display increased BiP, CHOP and activated caspase-12 expression [115]. 

Moreover, 10-week HFD-feeding enhances the sarcopenic phenotype of hindlimb 

muscle from 25-month old rats [10].  

Both tunicamycin and thapsigargin, through Akt inactivation, block mTOR activation 

in muscle cells [90], hence inducing anabolic resistance. Moreover, protein synthesis 

rates are decreased in ER-stressed insulin resistant skeletal muscle of obese 

sarcopenic rats and in palmitate-treated myotubes, despite an unchanged mTOR 

pathway [10]. This could be explained by eIF2-dependent inhibition of protein 

translation [10]. Besides, mTOR could also modulate UPR as rapamycin-induced 
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mTOR inhibition alleviates ER stress in tunicamycin-treated L6 myotubes [92]. This is 

associated with improved insulin sensitivity [92]. 

Apoptosis and autophagy also participate in muscle mass loss (Figure 6). ER stress 

activates autophagy by enhancing expression of both Atg12 mRNA and protein 

through eIF2α phosphorylation [116]. Sustained ER stress contributes to protein 

degradation through protein ubiquitination [117] and induction of apoptosis [118], 

mediated by caspase-3 [119] and endonuclease G [120]. Interestingly, caspase 

inhibitors as well as the ceramide synthase inhibitor fumonisin prevent ceramide 

accumulation and apoptosis and restore insulin sensitivity induced by palmitate 

treatment of L6 cells, hence the “lipoapoptosis” concept [121]. 
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Figure 6: Schematic representation of skeletal muscle from healthy, sarcopenic and 

obese sarcopenic patients. Unfolded Protein Response (UPR), apoptosis and 

autophagy increases and dysregulated balance between protein synthesis and 

degradation occurs with age and with obesity, hence promoting atrophy and insulin 

resistance. 

Overall, ER dysfunctions contribute to skeletal muscle insulin resistance through 

activation of several signaling pathways leading to tissue inflammation, atrophy and 

impairment of insulin signaling (Figure 7). 

 

Figure 7: Principal ER effectors leading to skeletal muscle lipid-induced insulin 

resistance. Lipids induce de novo ceramide production, calcium mishandling and ER 

stress, all leading to the Unfolded Protein Response (UPR). In turn, UPR activation 
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directly modifies insulin signaling through Protein Tyrosine Phosphatase 1B (PTP1B), 

c-Jun N-terminal Kinase (JNK) and inflammation activation. The UPR promotes 

muscle atrophy by activating apoptosis and autophagy and inhibiting protein 

synthesis. Therefore, the UPR contributes directly and indirectly to skeletal muscle 

insulin resistance. Besides, ceramide accumulation and Protein Kinase C (PKC) 

activation promote insulin resistance. Binding immunoglobulin Protein (BiP), Inositol-

Requiring Enzyme-1 (IRE1), Protein kinase R-like ER Kinase (PERK), Activating 

Transcription Factor 6 (ATF6), eukaryotic translation Initiation Factor 2α (eIF2α), 

Nuclear Factor kappa B (NFκB), Inhibitor of NFκB (IκB), Caspase-3 (Cas3), 

Endonuclease G (EndoG), mammalian Target Of Rapamycin (mTOR), Autophagy-

related 12 (Atg12). 

 

III. Therapeutics improving mitochondrial and ER functions 

Mitochondria and ER are two important and indissociable organelles required for 

proper insulin sensitivity. Changes in lifestyle, bariatric surgery and pharmacological 

approaches, which are currently used to improve insulin sensitivity, have mainly 

shown impact on mitochondrial function. Recently, strategies to modulate ER 

homeostasis have also been tested in humans. 

 

Reduction in calorie intake 

Calorie restriction performed in insulin-resistant patients improves insulin sensitivity 

[122–124]. Surprisingly, this was not associated with improved mitochondrial function 

[123], but rather with reductions in Succinate DeHydrogenase (SDH) activity [122] or 

mitochondrial size [124]. Such observations support the idea that mitochondria may 
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not be the primary cause leading to skeletal muscle insulin resistance. Rather, the 

beneficial effects of calorie restriction could be mediated by a reduction in 

intramuscular lipid intermediates such as DAG [122], which in turn activates PKC and 

promotes insulin resistance. 

  

Bariatric surgery 

Sustained weight loss can also be achieved in obese patients who undergo bariatric 

surgery such as Roux-en-Y Gastric Bypass (RYGB) or sleeve gastrectomy 

procedures. Insulin sensitivity improves in these patients but, as for calorie 

restriction, the contribution of mitochondria seems to be limited as mitochondrial 

content assessed by measurement of cardiolipin content, OXPHOS protein 

expression [125] and maximal respiration [126] remain similar to the preoperative 

conditions. Nevertheless, RYGB-induced weight loss increases contribution of 

complex I to maximal OXPHOS respiration [125]. Bariatric surgery also increases 

Mfn2 expression [127,128], which could be related to increased PGC-1α expression 

[127]. Mfn2 expression is positively correlated with insulin sensitivity and glucose 

oxidation [128]. This highlights that, in addition to mitochondrial mass, a properly 

functioning mitochondrial network is likely important in the regulation of skeletal 

muscle oxidative capacity. It also suggests that Mfn2 could regulate other cellular 

functions (e.g. endoplasmic reticulum). 

 

Physical exercise 

The beneficial effects of exercise on skeletal muscle mitochondrial function are well 

described and have been recently reviewed  [129]. Overall, despite the heterogeneity 
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of protocols in terms of type of exercise, frequency and duration, all studies pointed 

out that physical activity in obese and/or diabetic patients triggers mitochondrial 

biogenesis, improves mitochondrial function, reduces H2O2 production and increases 

fatty acid oxidation. Mitochondrial networking may also be upregulated by exercise 

as reductions in phosphorylated serine 616 Drp1, its active form, and a trend towards 

an increase in Mfn1/2 expression were observed in exercised obese subjects [130]. 

Although highlighting a therapeutic interest in regulating mitochondrial dynamics, 

regulators of this process [131] have not been tested in clinical trials yet.  

 

Pharmacological approaches 

Thiazolidinediones, such as rosiglitazone and pioglitazone, are PPAR-γ agonists 

which improve skeletal muscle insulin sensitivity in obese and type 2 diabetic 

patients. Rosiglitazone treatment increases PGC-1α [28], PPAR/ [28] and 

UnCoupling Protein 3 (UCP3) [132] expression. However, citrate synthase activity 

[133] and expression of mitochondrial respiratory chain complexes remained 

unchanged [28,132,133]. Mitochondrial efficiency did not correlate with insulin 

sensitivity [134], despite increases in SDH activity [28]. Overall, it seems that an 

amelioration of mitochondrial function by thiazolidinediones does not mediate their 

actions to improve skeletal muscle sensitivity, reinforcing the conclusion that 

mitochondrial dysfunction may not be the cause but rather a consequence of glucose 

mishandling. Moreover, thiazolidinediones may exert indirect effects, notably through 

the adiponectin/AdipoR1/AMPK pathway [135,136], which may contribute to improve 

skeletal muscle insulin sensitivity.  
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Another strategy emerged in the early 2000s thanks to the discovery of 3,5,4′ -

trihydroxystilbene, better known as resveratrol. This polyphenol activates SIRT1, 

enhancing deacetylation and activation of PGC-1α. While its beneficial effects on 

insulin sensitivity have been documented in vitro and in vivo, clinical studies remain 

scarce [137] and its impact on skeletal muscle has not been extensively explored. 

Nevertheless, obese subjects that received one-month resveratrol treatment 

presented better insulin sensitivity, higher muscle PGC-1α and OXPHOS gene 

expression along with increased mitochondrial fatty acid utilization [138]. However, in 

another study performed in diabetic patients, resveratrol did not improve peripheral 

insulin sensitivity while ex vivo mitochondrial function measured in muscle biopsies 

was improved [139]. The absence of amelioration in insulin sensitivity was assumed 

by the authors to be due to resveratrol-metformin interaction, based on a positive 

correlation found between the plasma level of resveratrol metabolite 

dihydroresveratrol and the metformin dose used in these diabetic patients [139]. 

Consistent with the observations made in mice [111], oral administration of the 

chemical chaperone TUDCA, enhanced in vivo glucose rate of disappearance 

measured by hyperinsulinemic-euglycemic clamp procedure in obese insulin-

resistant subjects [140]. After insulin injection, levels of phosphorylated IRS and Akt 

were higher in TUDCA-treated obese patients compared with the placebo group  

[140]. However, no changes were observed in the UPR-related pathway, questioning 

the molecular mechanisms underlying the effects of this bile acid [140]. Future 

studies are required to test whether more specific UPR inhibitors [141] improve 

skeletal muscle insulin sensitivity.  
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The effects of different interventions that focus on insulin sensitivity in humans on 

mitochondria and ER modulation are summarized in Table 2. While further analyses 

are required to clearly identify the role of ER stress and mitochondria in humans, 

clinical studies indicate that mitochondrial dysfunction is rather a consequence than a 

cause of skeletal muscle insulin resistance. 

 

IV. Research and therapeutic perspectives 

Based on cellular and animal models, it seems that both mitochondria and ER 

function improvement may augment insulin sensitivity in muscle cells although 

clinical relevance in humans remains to be further evaluated. Recent studies 

focussed on the physical interaction between these organelles to understand how 

their communication may impact on insulin sensitivity. For instance, overexpression 

of the mitochondrial DNA repair protein human 8-OxoGuanine DNA N-Glycosylase 1 

(hOGG1) [117] prevents both mitochondrial DNA damage and ROS production as 

well as activation of the UPR [142,143]. Consistently, hOGG1 overexpression also 

protects against palmitate-induced insulin resistance in myotubes [142].  

Recent observations indicate that mitochondrial membranes are tightly associated 

with the ER. Indeed, Percoll gradient isolation of mitochondria co-segregated ER-like 

membranes which are designated as “Mitochondria-Associated (endoplasmic 

reticulum) Membranes” (MAMs). Most MAM proteins are ER-related proteins: lipid-

synthesizing enzymes, NADPH-cytochrome c reductase, redox regulation enzymes 

such as oxidoreductase 1α (Ero1α), sorting proteins such as Phosphofurin Acidic 

Cluster Sorting protein 2 (PACS2), chaperones such as Grp75, receptors such as σ1 

receptor (σ1R), itinerant proteins such as B-cell receptor-Associated Protein 31 
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(BAP31), protein kinases, such as PERK, and calcium handling proteins such as 

IP3R1 (for review [144,145]). Mitochondrial proteins are also found in this fraction, 

such as mitochondria dynamics and morphology-related proteins (Mfn1, Mfn2 and 

Drp1) as well as the Voltage-Dependent Anion Channel (VDAC) (Figure 8).  

Figure 8: Mitochondria-associated membranes (MAMs). Proteins identified as parts 

of the MAM complex: Inositol-TriPhosphate Receptor 1 (IP3R1), Glucose-related 

protein 75 kDa (Grp75), Voltage-Dependent Anion Channel (VDAC) and Cyclophilin 

D (CypD), Mitofusins 1 and 2 (Mfn1, Mfn2), Dynamin-related protein 1 (Drp1), Fission 

protein 1 (Fis1), σ1 Receptor (σ1R), Phosphofurin Acidic Cluster Sorting protein 2 

(PACS2), Endoplasmic reticulum oxidoreductase 1α (Ero1α). Outer Mitochondrial 

Membrane (OMM), Mitochondrial InterMembrane space (MIM), Inner Mitochondrial 

Membrane (IMM). Mitochondrial Calcium Uniporter (MCU). 
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The effects of MAMs on insulin resistance and metabolic diseases have mainly been 

studied in the liver (for review: [146,147]), yelding opposite results regarding the role 

of MAMs in hepatic insulin sensitivity [148–151]. On the one hand, electron 

microscopy showed that hepatic MAM formation is increased in ob/ob or HFD-fed 

mice (60% fat calories). In these conditions, MAMs could drive mitochondrial calcium 

accumulation, and lead to mitochondrial dysfunction and ultimately insulin resistance 

[151]. On the other hand, ob/ob mice or mice fed with HFD/High Sucrose display 

lower MAMs, but this time, MAMs are detected with the in situ Proximity Ligation 

Assay (PLA) technique [150]. Despite indirect data [37,152], there is no evidence 

demonstrating the existence of MAMs in skeletal muscle. If further studies prove the 

reality of MAMs in skeletal muscle, it will then be interesting to determine whether 

MAM modulation, by targeting cyclophilin D for instance, improves insulin resistance 

through mitochondrial and ER functions in skeletal muscle.  

 

Conclusion 

The causal role of either mitochondria and/or ER in lipid-induced insulin resistance of 

skeletal muscle remains a matter of debate. However, as illustrated figure 9, it is 

obvious that both organelles, particularly inseparable in skeletal muscle homeostasis, 

are impacted by lipids and trigger complex and numerous signaling cascades that 

reinforce the skeletal muscle insulin resistance phenotype, either by directly affecting 

insulin signalling or indirectly promoting muscle atrophy. Although not yet established 
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in skeletal muscle, MAM modulation could bring novel views on cellular physiology 

and offer new therapeutic opportunities for the treatment of obesity-related disorders. 

 

Figure 9: Hypothetical model of ER and mitochondria communication and related 

potential targets to enhance skeletal muscle insulin sensitivity. Mitofusin 2 (Mfn2), 

Reactive Oxygen Species (ROS), Endoplasmic Reticulum (ER), Binding 

Immunoglobulin Protein (BIP). 
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Table 1: Mitochondria and ER-related proteins involved in skeletal muscle insulin 

resistance. 

Protein name Acronym Localization Function 

150 kDa-oxygen-related 
Protein 

ORP150 Endoplasmic 
reticulum 

Protein folding 

Activating Transcription 
Factor 4 

ATF4 Cytoplasm Transcription factor of UPR 
signalling 

Activating Transcription 
Factor 6 

ATF6 Endoplasmic 
reticulum 
membrane 

ER stress sensor 

Akt or Protein Kinase B Akt or PKB Cytoplasm & 
Sarcolemmal 
membrane 

Increase of glycogen 
production, glycolysis & 
glucose uptake  

AMP-activated Kinase AMPK Cytoplasm Kinase 

Autophagy-related proteins Atg Cytoplasm Promotion of autophagy 

Beclin1  Cytoplasm Promotion of mitophagy 

BCL2/Adenovirus E1B 19 
kDa Protein-Interating 
Protein 3 

BNIP3 Cytoplasm Promotion of mitophagy 

c-Jun N-terminal Kinase JNK Cytoplasm Kinase 

Calcium/calmodulin-
dependent protein Kinase 
Kinase 2 

CaMKK2 Cytoplasm Kinase 

Carnitine 
PalmitoylTransferase 1 

CPT1 Outer 
mitochondrial 
membrane 

Entry of long-chain acyl-
coenzyme A into mitochondria 

Caspase-3 Cas3 Cytoplasm Main pro-apoptotic effector 

Ceramide synthase  CerS Endoplasmic 
reticulum 

Dihydroceramide formation 
 

Cyclophilin D CypD Mitochondrial 
matrix 

Modulation of calcium 
homeostasis 

Dihydroceramide desaturase DES Endoplasmic 
reticulum 

Ceramide formation 

DiHydroPyridine Receptor DHPR Sarcolemmal 
membrane in T-
tubule 

Calcium entry into cytosol in 
response to sarcolemmal 
depolarization 

Dynamin-related protein 1 Drp1 Cytoplasm Promotion of mitochondrial 
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fusion 

Endonuclease G EndoG Mitochondria 
(unactivated) 
Nucleus (activated) 

Endonuclease activity during 
apoptotic processus 

eukaryotic translation 
initiation Factor 2α 

eiF2α Cytoplasm Inhibition of mRNA translation 

Extracellular signal-
Regulated Kinase 

ERK Cytoplasm Kinase 

Fission 1 Fis1 Outer 
mitochondrial 
membrane 

Promotion of mitochondrial 
fusion 

Forkhead box FoxO Cytoplasm Protein degradation control 

Glucose-related proteins 78, 
94 & 170 

Grp78, 94 & 
170 

Endoplasmic 
reticulum 

Protein folding 

Glucose Transporter 4 GLUT4 Sarcolemmal 
membrane 

Glucose entry into skeletal 
muscle 

Glycogen Synthase GS Cytoplasm Glycogen Synthesis 

Glycogen Synthase Kinase 
3β 

GSK3β Cytoplasm Repression of GS activity 

Heat shock protein 72-kDa Hsp72 Cytoplasm Promotion of mitochondrial 
degradation 

human 8-OxoGuanine DNA 
N-glycosylase 1 

hOGG1 Mitochondria Mitochondrial DNA repair 

Inositol-Requiring Enzyme 1 IRE1 Endoplasmic 
reticulum 
membrane 

ER stress sensor 

Insulin Rreceptor IR Sarcolemmal 
membrane 

Binding insulin and 
phosphorylation of IRS1 

Insulin Receptor Substrates IRS Cytoplasm Recruitment of PI3K 

KetoSphinganine Reductase KSR Endoplasmic 
reticulum 

Sphinganine synthesis 

mammalian Target Of 
Rapamycin 

mTOR Cytoplasm Phosphorylation of Ser473 of 
Akt 
Protein synthesis control 

Manganese-dependent 
SuperOxide Dismutase 

MnSOD Mitochondrial 
matrix 

Superoxide detoxification 

microtubule-associated 
protein-1 Light Chain-3 

LC3 Cytoplasm Promotion of autophagy 

Mitofusin 1 Mfn1 Outer Promotion of outer 
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mitochondrial 
membrane 

mitochondrial membrane 
fusion 

Mitofusin 2 Mfn2 Outer 
mitochondrial 
membrane & ER 
membrane 

Promotion of outer 
mitochondrial membrane 
fusion 
Promotion of mitochondrial 
degradation 

Nuclear Factor κ B NFκB Cytoplasm Pro-inflammatory transcription 
factor 

Optic atrophy 1 Opa1 Inner mitochondrial 
membrane 

Promotion of inner 
mitochondrial membrane 
fusion 

parkin2  Cytoplasm Promotion of mitophagy 

Peroxisome Proliferator-
activated receptor (PPAR) γ 
Coactivator-1-α & β 

PGC-1α & β 
 

Cytoplasm Promotion of mitochondrial 
biogenesis 

PTEN induced putative 
kinase 1 

Pink1 Cytoplasm Promotion of mitophagy 

Phosphatidylinositol-3-
Kinase 

PI3K Cytoplasm Phosphorylation of PIP2 

Phosphatidylinositol 
biPhosphate 

PIP2 Sarcolemmal 
membrane 

Target of PI3K 

Phosphatidylinositol 
triPhosphate 

PIP3 Sarcolemmal 
membrane 

Recruitment of Akt at the 
sarcolemmal membrane 

Phosphoinositide-Dependent 
Kinase-1 

PDK1 Sarcolemmal 
membrane 

Phosphorylation of Thr308 of 
Akt 

Protein Kinase C PKC Cytoplasm Kinase 

Protein kinase R-like ER 
Kinase 

PERK Endoplasmic 
reticulum 
membrane 

ER stress sensor 

Protein Tyrosine 
Phosphatase 1B 

PTP1B Endoplasmic 
reticulum 
membrane 

Targeting phosphorylated 
residues of IR and IRS1 

Ryanodine Receptor RyR Endoplasmic 
reticulum 
membrane 

Release of ER calcium in 
cytosol to allows muscular 
contraction 

Sarco/Endoplasmic 
Reticulum Calcium-ATPase 

SERCA Endoplasmic 
reticulum 
membrane 

Recapture of calcium into 
sarcoplasmic reticulum 

Serine PalmitoylTransferase SPT Endoplasmic 
reticulum 

3-Ketosphinganine formation 
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Site-1 and Site-2 proteases SP1/SP2 Golgi apparatus 
membrane 

Cleavage of ATF6 
 

Sirtuin 1 SIRT1 Cytoplasm Deacetylation of PGC-1α 

Skeletal muscle and Kidney-
enriched inositol 
polyphosphate Phosphatase 

SKIP Endoplasmic 
reticulum 

Phosphatase 

spliced X-box binding-1 sXBP1 Cytoplasm Activated transcription factor 
of UPR signalling 

unspliced X-box binding-1 uXBP1 Cytoplasm Inactivated transcription factor 
of UPR signalling 

 

Table 2: Therapeutics aiming insulin sensitivity improvement and their consequences 

on skeletal muscle mitochondria and ER functions. 

Intervention  Procedure/treatment Effects Population references 

Calorie 
restriction 

10% weight loss Reduction in succinate 
dehydrogenase activity 

Overweight 
to obese 
adults  

[122] 

 

 Reduction of calorie 
intake by 25% 

No changes in mitochondrial 
content and ETC activity 

Overweight 
to obese 
adults 

[124] 

 16 weeks of calorie 
restriction  

No effects on mitochondrial 
function, ceramide levels or 
mtH2O2 production. 

Obese 
subjects 

[123] 

Bariatric 
surgery 

Roux-en-Y-Gastric 
Bypass 
+/- exercise (2h/week, 
for 3 months) 

RYGB: reduction in muscle 
ceramide, better oxidative 
phosphorylation 
Exercise: Cardiolipin 
remodelling, higher 
mitochondrial respiratory 
capacity 

Obese 
subjects 

[125] 

 RYGB or sleeve 
gastrectomy, 12 
months after surgery 

Trend to increased maximal 
respiration 

Obese 
subjects 

[126] 

 RYGB, 3 and 12 
months after surgery 

Increases in PGC-1α and 
Mfn2 expression  

Obese 
subjects 

[127] 

 Bilio-pancreatic 
diversion, 2-year 
follow-up 

Increases in Mfn2 mRNA and 
glucose oxidation 

Obese 
subjects 

[128] 
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Exercise 60 min/day, 5 days/wk, 
total duration 12 weeks 

Decrease in Drp1-Ser616 
Trend to increased Mfn1/2 

Obese 
subjects 

[130] 

 60 min/day, 5 days/wk, 
total duration 12 weeks 

Better mitochondrial 
efficiency 
Reduced mitochondrial H2O2 

emission 

Obese 
women 

[153] 

 5 h/week of 
unsupervised Nordic 
walking with poles, 4 
months 

Increases in mitochondrial 
components in patients that 
become normoglucose 
tolerant 

Overweight 
with 
impaired 
glucose 
tolerance 

[154] 

 Resistance training, 
three times 45 
min/week, 9 months 

Increases in mtDNA, 
mitochondrial components 
and fatty acid oxidation 

Type 2 
diabetes 
patients 

[155] 

 10 weeks of cycling, 5 
sessions of 
30min/week 

Increased mitochondrial 
respiration in both groups 

Obese and 
type 2 
diabetic 
patients 

[156] 

 12-week exercise 
program (2 aerobic 
sessions, 1 resistance 
session per week) 

Increased mitochondrial 
respiration and density and 
higher metabolic flexibility 

Type 2 
diabetic 
subjects 

[157] 

Exercise + 
nutritional 
changes 

Diet-induced weight 
loss (10% BW over 16 
weeks) 
Aerobic exercise 
(45min/session, 4-5 
sessions/week, 16 
weeks) 

Both procedures: reductions 
in DAG  
Exercise: reduction in 
ceramide levels  
Reduction in SDH activity in 
diet-induced  
weight loss 
Increase in SDH activity in 
exercised group 

Overweight 
to obese 
adults 

[122] 
 

 7% weight loss in both 
groups within 16–20 
weeks 
diet plus exercise 
group 

Diet only: reduction in 
mitochondrial size,  
Diet+exercise: higher 
mitochondrial density, 
cardiolipin content and NADH 
oxidase activity 

Overweight 
to obese 
adults 

[124] 

Pharmacolog

ical 

treatments 

Pioglitazone, 45 mg/d, 
6 months 

Increased the 
phosphorylation of AMPK 
Increases in genes involved 
in fatty acid oxidation and 
mitochondrial function 

Type 2 
diabetic 
subjects 

[136] 

 Muraglitazar, 5 mg/d, 
or placebo for 16 
weeks 

Increases in AMPK, PGC-1α 
and mitochondrial function 
related genes 

Type 2 
diabetic 
subjects 

[135] 
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 Rosiglitazone (twice 4 
mg per day) for 8 
weeks 

Increases in mRNA of PGC-

1α and PPAR/ 
Increases in mitochondrial 
complex II activity 

Type 2 
diabetic 
subjects 

[28] 

 Rosiglitazone (up to 
4mg, twice a day) 12 
weeks 

Increases in mtDNA copy 
number and OXPHOS 
proteins along with increased 
exercise capacity (VO2max) 

Type 2 
diabetic 
subjects 

[158] 

 Rosiglitazone 4mg, 
twice a day, 8 weeks 

Increases in UCP3 Type 2 
diabetic 
subjects 

[132] 

 Rosiglitazone 4mg, 
twice a day, 8 weeks 

No improvement in 
mitochondrial function, no 
changes in IMCL 

Type 2 
diabetic 
subjects 

[134] 

 Rosiglitazone (4mg/d), 
pioglitazone (30mg/d), 
12wks 

Rosiglitazone: reduction in 
mitochondrial respiration 
Pioglitazone: increases in 
mitochondrial respiration and 
complex II and III expression 

Overweight/
obese 
subjects 

[133] 

 150 mg/d trans-
resveratrol, 1 month 

Increases in OXPHOS gene 
expression 
Higher AMPK activity, PGC-
1α expression, mitochondrial 
fatty acid utilization 

Healthy 
male obese 
volunteers 

[138] 

 150 mg/d trans-
resveratrol, 1 month 

No improvement in peripheral 
insulin sensitivity 
Improved mitochondrial 
function 

Type 2 
diabetic 
subjects 

[139] 

 TUDCA (1,750 mg/d, 
orally), 4 weeks 

No changes in ER stress 
markers 

Obese 
subjects 

[140] 
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