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ABSTRACT 

Individuals who exercise regularly are protected from type 2 diabetes and other metabolic syndromes, in part by 

enhanced gene transcription and induction of many signaling pathways crucial in correcting impaired metabolic 

pathways associated with a sedentary lifestyle. Exercise activates Calmodulin-dependent protein kinase (CaMK)II, 

resulting in increased mitochondrial oxidative capacity and glucose transport. CaMKII regulates many health ben-

eficial cellular functions in individuals who exercise compared with those who do not exercise. The role of exercise 

in the regulation of carbohydrate, lipid metabolism, and insulin signaling pathways are explained at the onset. 

Followed by the role of exercise in the regulation of glucose transporter (GLUT)4 expression and mitochondrial 

biogenesis are explained. Next, the main functions of Calmodulin-dependent protein kinase and the mechanism to 

activate it are illustrated, finally, an overview of the role of CaMKII in regulating GLUT4 expression, mitochon-

drial biogenesis, and histone modification are discussed. 
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INTRODUCTION 

Type 2 diabetes is one of the fast moving 

public health problems in both developed and 

developing countries. According to the World 

Health Organization (WHO), developing 

countries will likely suffer from diabetes epi-

demics in the 21st century. In developing 

countries, around 50 % of people with diabe-

tes are undiagnosed. As a result, many do not 

receive adequate treatment and care to man-

age the disease, putting them at greater risk of 

serious complications and even death. Ac-

cording to the International Diabetes Federa-

tion (IDF) (Atlas ninth edition, 2019), the 

number of people with type 2 diabetes is in-

creasing in every country. In 2019, diabetes 

affected at least 463 million people world-

wide and is expected to reach 700 million by 

2045 (IDF). The economic impact of diabetes 

is expected to continue to grow by 2045 as 

there is no effective cure to prevent or treat 

diabetes. 

Regulation of carbohydrate and lipid me-

tabolism is very important in patients with in-

sulin resistance and type 2 diabetes. Glucose 

is most commonly utilized for energy produc-

tion in mammals. The regulation of glucose 

metabolism is very important to ensure glu-

cose availability for the central nervous sys-

tem, which almost entirely depends on glu-

cose for its fuel. Under hyperglycemic condi-

tions, glycogen synthesis is the major path-

way in glucose metabolism, and muscle gly-

cogen synthesis rate decreases by 50 % in 

type 2 diabetes as compared with healthy sub-

jects (Shulman et al., 1990). Skeletal muscle 

is responsible for > 80 % of whole-body glu-

cose disposal, which is primarily facilitated 

by glucose transporter protein (GLUT)4 

(Shulman et al., 1990). Insulin-mediated glu-

cose uptake, oxidation, and storage by the 

skeletal muscle are severely impaired in type 

2 diabetes (Kelley et al., 2002). This is due to 

increased numbers of intramyocellular lipid 

species such as ceramides and diacylglycerol 

that interfere with GLUT4 translocation 

through the inhibition of the insulin receptor 

substrate (IRS) (Kraegen and Cooney, 2008). 

IRS proteins are involved to recruit phospha-

tidylinositol-3-kinase (PI3K) in the insulin-

signaling pathway, which in turn phosphory-

lates and activates the serine/threonine kinase 

Akt (Protein kinase B). Akt is a serine/threo-

nine kinase, which is involved in mediating 

several biological responses, like inhibition of 

apoptosis and stimulation of cell prolifera-

tion. Activation of Akt then leads to the trans-

location of intracellular vesicles containing 

GLUT4 to fuse with the plasma membrane, 

which results in glucose uptake in the cell 

(Rowland et al., 2011). 

Impairment of insulin-mediated glucose 

uptake correlates with altered fatty acid me-

tabolism as the biochemical pathways of fatty 

acid and glucose metabolism are fully inte-

grated (Randle, 1998). Lipids are a fuel 

source used for the production of energy. El-

evated free fatty acids can cause insulin re-

sistance that leads to an increase in the blood 

glucose level, which is the hallmark of type 2 

diabetes. Increased free fatty acids levels dis-

turb the insulin-signaling pathway, ultimately 

reducing the translocation of glucose trans-

porter molecules to the plasma membrane and 

decreasing cellular glucose uptake (McGarry 

et al., 1983). Energy intake exceeding its ex-

penditure usually causes defects in fatty acid 

metabolism (Groop et al., 1991). Physical in-

activity also contributes to an imbalance be-

tween fatty acid oxidation and supply. De-

creased fatty acid oxidation leads to an accu-

mulation of fatty acids and their intermediates 

(diacylglycerol and ceramides), which dis-

rupts the insulin-stimulated pathway of glu-

cose uptake in skeletal muscle (Roden et al., 

1996; Kelley and Mandarino, 2000).  

Calcium (Ca2+) is an important second 

messenger involved in the regulation of many 

cellular events (Berridge et al., 2000). Raising 

cytosolic calcium levels in muscle activates 

calcium/calmodulin-dependent protein kinase 

(CaMK), a class of multifunctional serine/ 

threonine-specific protein kinase. CaMKII is 

the dominant isoform of CaMK in human 

skeletal muscle (Rose et al., 2006). It is re-

ported that exercise activates CaMKII and re-
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sults in both mitochondrial biogenesis and im-

proved glucose transport in parallel (Wright 

et al., 2007; Raney and Turcotte, 2008; Wu et 

al., 1999). This parallel up-regulation has got 

positive implications in alleviating type 2 di-

abetes symptoms. This review will discuss the 

following: 1) Role of exercise in regulating 

insulin-signaling pathway, lipid metabolism, 

carbohydrate metabolism, GLUT4 expression 

and mitochondrial biogenesis; 2) Mechanism 

of Calmodulin-dependent protein kinase 

(CaMK)II activation in skeletal muscle; 3) 

Role of CaMKII in GLUT4 expression, mito-

chondrial biogenesis, and histone modifica-

tion. 

 

Exercise regulates the insulin-signaling 

pathway, lipid metabolism, and carbo- 

hydrate metabolism 

Exercise or physical activity is one of the 

cornerstones for the prevention and manage-

ment of type 2 diabetes in both men and 

women (ADA, 2004). Several studies and 

clinical trials have assessed the role of exer-

cise or physical activity on type 2 diabetes. A 

study by Tuomilehto et al. (2001) shows that 

modest weight loss of 5-7 % could be 

achieved by moderate exercise of at least 30 

min per day (150 min per week) resulting in 

lowering the possibility of developing diabe-

tes by 58 % in overweight people with pre-di-

abetes. In people with type 2 diabetes, exer-

cise improves glycemic control and reduces 

the risk of cardiovascular diseases and total 

mortality (Hu et al., 2005; Dunstan et al., 

2005). Moderate-intensity exercise increases 

plasma glucose oxidation and decreases gly-

cogen oxidation in type 2 diabetes as com-

pared with healthy subjects. The protective 

effects of exercise were strongest in persons 

with the highest risk of type 2 diabetes, that is 

people with a high body mass index, a history 

of hypertension, or a family history of diabe-

tes.  

Regular exercise also reduces the risk of 

ectopic (non-adipose tissue) lipid accumula-

tion and type 2 diabetes through increased li-

pid oxidation and lipid oxidative capacity 

(Martin et al., 1995). A study by Blaak et al. 

(2000) reported that exercise decreases oxida-

tion of plasma free fatty acids and increases 

oxidation of triglycerides-derived fatty acids 

in type 2 diabetes subjects as compared with 

control subjects. Furthermore, exercise in-

creases the oxidation of intramuscular triglyc-

erides and reduces lipid intermediates in type 

2 diabetes patients. Reducing the circulation 

of fatty acids is an effective strategy to im-

prove insulin sensitivity in type 2 diabetes. 

These studies indicate that exercise positively 

affects glucose and fatty acid uptake, supply, 

and oxidation. 

With regards to insulin sensitivity, exer-

cise also shows a beneficial effect on insulin 

sensitivity in normal as well as insulin-re-

sistant populations. Individuals with insulin 

resistance and type 2 diabetes are character-

ized by impaired insulin-stimulated glucose 

uptake in skeletal muscle (Zierath et al., 

1996). However, acute exercise increases glu-

cose uptake in skeletal muscle via an insulin-

independent mechanism that bypasses the in-

sulin signaling defects associated with these 

conditions (Wallberg-Henriksson and Hollo-

szy, 1985; Cortez et al., 1991; Zierath et al., 

2000; Christ-Roberts et al., 2004; O’Gorman 

et al., 2006). Studies show that aerobic exer-

cise increases insulin signaling and glucose 

transporter content in skeletal muscle (Sriwi-

jitkamol et al, 2007; O'Gorman et al., 2006). 

It is reported that a single bout of exercise in-

creases insulin sensitivity for at least 16 

hours’ post-exercise in healthy as well as in 

type 2 diabetes subjects. In an experiment 

with 14 obese patients with type 2 diabetes, 

Kirwan et al. (2009) reported that one week of 

vigorous exercise induces significant im-

provements in insulin action in type 2 diabe-

tes. These improvements involve elevated pe-

ripheral insulin sensitivity and responsiveness 

as well as increased suppression of hepatic 

glucose production. A study by Araki et al. 

(1994) shows that ten weeks of endurance 

training increased insulin sensitivity in rats. 

Exercise restores the level of insulin sensitiv-

ity to normal in diabetic patients (Cortez et al., 

1991). Collectively, these studies show that 
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exercise improves insulin sensitivity, regu-

lates lipid and carbohydrate metabolism, and 

reduces the risk of type 2 diabetes. 

 

Exercise improves GLUT4 expression and 

protects from type 2 diabetes 

Reduction in the risk of diabetes by exer-

cise is owing to increased glucose transport 

capacity (Deisseroth et al., 1998; Lakka and 

Tuomilehto, 2007). Regular exercise induces 

the capacity of skeletal muscle to oxidize py-

ruvate and fatty acids and take up glucose 

(Ren et al., 1994; Holloszy and Booth, 1976; 

Lakka and Tuomilehto, 2007). This can pre-

vent and even reverse type 2 diabetes. The in-

crease in glucose uptake capacity is due to the 

increase in the content of glucose transporter 

protein (GLUT)4 (Ren et al., 1994). Skeletal 

muscle is the major tissue responsible for in-

sulin-mediated glucose utilization (Baron et 

al., 1988) and greatly contributes to the post-

prandial hyperglycemia observed in individu-

als with type 2 diabetes (DeFronzo et al., 

1982; Dohm et al., 1988). Several studies re-

ported that insulin-mediated glucose uptake 

and utilization is considerably weakened in 

type 2 diabetic patients skeletal muscle 

(Eriksson et al.,1992; Shulman et al., 1990; 

DeFronzo et al., 1985). 

Glucose transport is significant for glu-

cose utilization under most physiologic con-

ditions in skeletal muscle (Kubo and Foley, 

1986). Glucose is transported into cells 

through the plasma membrane and T-tubules 

via facilitated transport using glucose trans-

porter proteins. The main function of the 

GLUT4 protein is to facilitate glucose uptake 

into cells and maintain control of blood glu-

cose levels. GLUT4 protein in the basal state 

is stored in intracellular vesicles and their 

translocation to the plasma membrane mainly 

occurs by insulin action or through insulin-in-

dependent pathways during muscle contrac-

tion. Insulin resistance may result from im-

paired insulin signal transduction, leading to 

decreased GLUT4 translocation and/or di-

minished capacity for GLUT4 synthesis (Gar-

vey et al., 1998). Exercise increases insulin-

stimulated glucose disposal and GLUT4 pro-

tein content in obese patients with type 2 dia-

betes (O'Gorman et al., 2006). 

Plasma membrane GLUT4 content corre-

lated with glucose transport activity in both 

rat and human skeletal muscle (Lund et al., 

1998). A study by Kennedy et al. (1999) 

shows that plasma membrane GLUT4 in-

creases by 70 % above the basal level in skel-

etal muscle from healthy and type 2 diabetic 

patients during acute cycle exercise. A single 

exercise bout also resulted in elevated skeletal 

muscle GLUT4 mRNA immediately after ex-

ercise in human skeletal muscle (Kraniou et 

al., 2006, 2004; McGee and Hargreaves, 

2004). It is also reported that exercise in-

creases plasma membrane GLUT4 content 

and glucose transport in insulin-resistant 

obese Zucker rats (Hansen et al., 1998). These 

studies show that exercise increases plasma 

membrane GLUT4 in both animals and hu-

mans. Moreover, exercise effectively translo-

cate GLUT4 to the cell surface and increases 

glucose transport in insulin-resistant and dia-

betic subjects. Studies also show that exer-

cise-induced GLUT4 translocation is medi-

ated by insulin signaling pathways, which is 

different from that of being induced by insulin 

(Lund et al., 1998; Goodyear et al., 1995; 

Coderre et al., 1995), indicating that insulin 

and exercise use different pools of GLUT4 

transporters. The mechanisms through which 

exercise stimulates GLUT4 translocation and 

glucose uptake appear to arise from local fac-

tors within skeletal muscle such as calcium, 

calmodulin-dependent protein kinase, reac-

tive oxygen species (ROS), nitric oxide (NO), 

and AMP-activated protein kinase (AMPK) 

as shown in Figure 1 (Merry and McConell, 

2009). 

Several studies show that exercise in-

creases glucose transport and GLUT4 expres-

sion in skeletal muscle. A vigorous 7-day ex-

ercise program increased insulin sensitivity 

and muscle GLUT4 content in younger and 

older people (Kirwin et al., 2003). Again, a 

study done by Kim et al. (1999) determined 

the effects of exercise on adaptations of skel-

etal muscle, including GLUT4 proteins and 
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Figure 1: Mechanisms of glucose uptake into skeletal muscle: (A) Insulin-activated glucose uptake, (B) 
Possible mechanisms associated in contraction-stimulated glucose uptake; 1) glucose transportation to 
the muscle cell, 2) glucose delivery via the membrane, and 3) glucose phosphorylation and then flux 
through metabolism. CaMK, calmodulin-dependent protein kinase; aPKC, atypical protein kinase C; 
ROS, reactive oxygen species; AMPK, AMP-activated protein kinase; IRS-1, insulin receptor substrate 
1 PI3K, phosphoinositide-3 kinase; G6P, glucose-6-phosphate; NO, nitric oxide and PKB, protein kinase 
B/Akt 
 

intra-muscular triglyceride concentration 

(IMTG). Non-obese elderly Korean men (age 

range 58-67 years) with impaired glucose tol-

erance performed 12 weeks of endurance ex-

ercise (60-70 % of the heart rate reserve). Ex-

ercise improved total GLUT4 protein expres-

sion, decreased IMTG and increased fatty 

acid oxidation capacity. The effects of exer-

cise on adipose tissue and skeletal muscle 

GLUT4 protein expression were investigated 

in patients with type 2 diabetes. Muscle and 

adipose tissue samples were collected before 

and after 4 weeks of exercise in 7 patients 

with diabetes [47 ± 2 years). Seven control 

subjects were used for baseline comparison. 

Adipose tissue GLUT4 protein expression 

was 43 % lower in patients with diabetes 

compared with control subjects and exercise 

increased adipose tissue GLUT4 protein ex-

pression by 36 %. Skeletal muscle GLUT4 

protein expression did not differ in control 

subjects and diabetes patients. 

A study by McGee et al. (2009) shows that 

a single bout of exercise is sufficient to induce 

the GLUT4 protein expressions in human 

skeletal muscle and GLUT4 enhancer factor 

(GEF) and myocyte enhancer factor (MEF)2 

transcription factors are required for this re-

sponse. Another study by Gurley et al. (2016) 

indicated that 4 weeks of voluntary wheel 

running (VWR) increased the GLUT4 protein 

expression in obese mice through increased 

Glut4 transcription. It is reported that Glut4 

gene transcription elevates by 1.8-fold and 

GLUT4 mRNA level rises 2 to 2.5 fold within 

3 hours after a single bout of exercise in both 

human and rat skeletal muscle (Ren et al., 

1994; Neufer and Dohm, 1993; Krajewski, 

2000; Garcia-Roves et al., 2003). Exercise in-

creases GLUT4 protein expression and insu-

lin sensitivity in parallel. Two hours of swim-

ming per day for 5 days increased GLUT4 

protein concentration and insulin sensitivity 

by 87 % and 85 %, respectively, in compari-

son to controls. GLUT4 protein concentration 
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and insulin sensitivity were still higher by 

52 % and 51 %, respectively after 24 hours of 

training (Kump and Booth, 2005). Impaired 

expression and translocation of GLUT4 in 

muscle cells are the main reason for insulin 

resistance and type 2 diabetes. Exercise in-

creases GLUT4 content and GLUT4 translo-

cation to the plasma membrane in type 2 dia-

betes, thereby increasing glucose transport 

and insulin sensitivity. Therefore, exercise 

can be an important modality for the treat-

ment of type 2 diabetes. 

 

Regulation of mitochondrial biogenesis by 

exercise 

Regular exercise induces mitochondrial 

biogenesis, resulting in increased lipid oxida-

tion capacity and turnover and improved glu-

cose transport (Bruce et al., 2006). Mitochon-

drial biogenesis is the process by which new 

mitochondria are produced, increased capaci-

ties for respiration, oxidation, and energy ex-

penditure (Holloszy and Booth, 1976). As 

such, mitochondrial dysfunction is associated 

with insulin resistance in skeletal muscle, 

which may lead to type 2 diabetes and obesity 

(Befroy et al., 2007; Krssak et al., 1999; Mo-

gensen et al., 2007; Toledo et al., 2007).  

Fewer and smaller-sized mitochondria are 

found in skeletal muscle of insulin-resistant, 

obese, or type 2 diabetes subjects, and the size 

of mitochondria correlates with mitochon-

drial oxidative capacity (Morino et al., 2005; 

Kelley et al., 2002; Ritov et al., 2005). Impair-

ment of mitochondrial function leads to a re-

duction in the volume of lipids targeted for 

oxidation, resulting in an accumulation of 

fatty acids and their metabolites (Lowell and 

Shulman, 2005). Increased intracellular levels 

of these lipids’ metabolites are functionally 

linked to impaired insulin sensitivity in skele-

tal muscle. Mitochondrial dysfunction may 

trigger lipid droplet formation by switching 

metabolic pathways to glycolysis and fatty 

acid biosynthesis (Lee et al., 2013). A study 

by Morino et al. (2005) reported that the re-

duction of mitochondrial content that results 

from a sedentary lifestyle also causes intra-

muscular lipid accumulation, defects in insu-

lin signaling, insulin resistance, and, ulti-

mately, type 2 diabetes. Obesity can also re-

sult in mitochondrial deregulation through al-

terations in crucial transcriptional activators 

such as PGC-1 as well as impaired fusion and 

fission, leading to aberrant mitochondrial 

morphology. These changes can subsequently 

lead to reduced oxidative capacity and cause 

lipid metabolite accumulation, increased oxi-

dative stress, and production of reactive oxy-

gen species (ROS). Collectively, these studies 

show that mitochondrial dysfunction leads to 

impaired insulin signaling pathways and in-

creases the risk of type 2 diabetes. 

Studies show that vigorous aerobic exer-

cise results in an increase of mitochondrial 

DNA (mtDNA) as well as in oxidative capac-

ity (Hollozy, 1967, 2004; Hood, 2001; Hood 

et al., 2006). Proportionality between mtDNA 

content and its oxidative capacity in skeletal 

muscle has been determined, prompting the 

“gene dosage” theory that postulates mtDNA 

replication is an integral mechanism for exer-

cise-induced mitochondrial biogenesis (Wil-

liams et al., 1986, 1987). Studies conducted 

on animals show a proportional increase of 

citrate synthase (CS) activity and mtDNA by 

exercise (Hood, 2001; Williams et al., 1987). 

Besides, in studies conducted in healthy lean 

individuals, the activity of CS was shown to 

correlate with mtDNA content in vastus lat-

eralis muscle (Wang et al., 2000; Freyssenet 

et al., 2004). It is reported that athletes gener-

ally have higher mtDNA content in muscle 

than sedentary individuals and mtDNA con-

tent is proportional to mitochondrial volume 

density (Puntschart et al., 1995). A study by 

Granata et al. (2016) indicated that 4 weeks of 

sprint interval training in 29 healthy males re-

sulted in an increase of mitochondrial volume 

density and the CS. Also, 6 weeks of moder-

ate continuous intensity training in 21 healthy 

men showed an increase in mitochondrial vol-

ume density without influencing mitochon-

drial respiration (Meinild Lundby et al., 

2018). These studies are indicating that exer-

cise increases mitochondrial volume density 

in both animals and humans.  
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Exercise induces higher steady-state mito-

chondria content and an increase of depend-

ence on the duration, frequency, and intensity 

of performed exercise (Hickson et al., 1981; 

Dudley et al., 1987; Hood et al., 2000). A 

study by Toledo et al. (2007) shows that com-

bined physical activity and a weight loss pro-

gram increase the mitochondrial size and den-

sity. Studies conducted on younger, lean 

adults who habitually perform high-intensity 

exercise show that these individuals are asso-

ciated with an increased capacity for fat oxi-

dation (Goodpaster et al., 2003; Menshikova 

et al., 2005). In an experiment with men and 

women aged 21-87 years, Vittone et al. 

(2003) show that 16 weeks of aerobic physi-

cal activity increases the activity of citrate 

synthase and cytochrome c oxidase by 46 % 

and 76 %, respectively. 

During exercise, there is an increase in 

several molecular ‘stress’ signals in skeletal 

muscle that appear to be responsible for the 

initial activation of mitochondrial biogenesis 

after exercise. These molecular signals in-

clude elevated levels of cytosolic Ca2+, AMP, 

and reactive oxygen species (ROS) (McCo-

nell et al., 2010; Ojuka et al., 2003; Irrcher et 

al., 2003). Increasing cytosolic Ca2+ levels in 

L6 muscle cells via caffeine treatment acti-

vates Ca2+/calmodulin kinase (CAMK) and 

increases markers of mitochondrial biogene-

sis, which include PGC-1, mitochondrial tran-

scriptional factor a (Tfam), and citrate syn-

thase (McConell et al., 2010; Ojuka et al., 

2003). Activation of muscle AMPK by 5’ami-

noimidazole-4-carboxyamide-ribonucleoside 

(AICAR) in L6 muscle cells also increases 

many of these mitochondrial biogenesis 

markers (McConell et al., 2010). Increasing 

ROS levels in skeletal muscle cells activate 

the redox sensitive kinases AMPK and p38 

MAPK and results in elevated PGC-1; these 

ROS effects were blocked by co-treatment 

with antioxidants (Irrcher et al., 2003). In-

creased mitochondrial content by exercise 

protects against insulin resistance and type 2 

diabetes by increasing the capacity of mito-

chondria to oxidize fats and their derivatives. 

 

Mechanism of Calmodulin-dependent  

protein kinase (CaMK)II activation in  

skeletal muscle 

CaMKII is a multi-functional Ca2+/Cal-

modulin-dependent serine/threonine-specific 

protein kinase (Nghiem et al., 1993). It acti-

vates when cytosolic Ca2+ levels rise. 

CaMKII is a multimeric holoenzyme com-

posed of 8-12 units and each subunit has a cat-

alytic, autoinhibitory, and association domain 

(Figure 2) (Shen and Meyer, 1998; Hudmon 

and Schulman, 2002). The amino terminus 

catalytic domain includes ATP and substrate 

binding sites; it is responsible for the transfer 

of phosphate from ATP to serine or threonine 

residues in substrates. The autoinhibitory do-

main contains a CaM-binding domain, and it 

features a pseudosubstrate site, which binds to 

the catalytic domain and prevents its ability to 

phosphorylate proteins (Kanaseki et al., 

1991). The carboxyl terminus amino acid as-

sociation domain is necessary for the for-

mation and assembly of CaMKII holoen-

zyme. 

 

Figure 2: Structure of active CaMKII. Calcium/cal-
modulin-dependent protein kinase II consists of a 
catalytic domain, an autoinhibitory domain and an 
association domain. Binding of calmodulin to CaM 
binding domain results in a conformational 
change in CaMKII that exposes the catalytic do-
main and enables the Thr286 to be phosphory-
lated. 

 

 

CaMKII is different from other CaM ki-

nases owing to its ability to autophosphory-

late at Thr286. Binding of Ca2+/CaM to the 

CaM-binding domain of CaMK activates en-

zymes through their structural arrangement 

into subunits that expose Thr286 in the auto-

inhibitory domain and the catalytic domain 

(Payne et al., 1988). A typical individuality of 

CaMKII is that upon activation by CaM bind-

ing, kinase undergoes phosphorylation at 
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Thr286 amino acid residue, making kinase 

partially unassimilated with Ca2+/CaM (Hud-

mon & Schulman, 2002). When Thr286 resi-

due is phosphorylated, it successfully blocks 

autoinhibition, allowing for permanent acti-

vation of the CaMKII enzyme and gaining 

Ca2+/CaM independent activity. The CaMKII 

remains to activate until it is dephosphory-

lated by phosphatase (Colbran et al., 1989; 

Hanson et al., 1994). 

Studies show that CaMKII can be acti-

vated in human skeletal muscle by exercise 

(Rose et al., 2006) and in rats, fast-twitch 

muscle by in situ electrical stimulation (Rose 

et al., 2007). A study by Egan et al. (2010) 

shows that high-intensity (80 % VO2 max) 

cycling exercise increases phosphorylation of 

CaMKII at Thr286. Another study by Ser-

piello et al. (2011) also shows that phosphor-

ylation of CaMKII increased by 69 % after an 

acute sprint exercise in young adults. Cal-

cium-independent CaMKII activity was in-

creased by 47 % in muscle after 7 days of 

stretch overload and after 2 weeks of volun-

tary wheel running. Nevertheless, there was 

no increase in calcium-dependent or total 

CaMKII activity, indicating that there was 

greater activation of pre-existing CaMKII 

(Fluck et al., 2000). Besides, a study per-

formed by Joseph et al. (2018) indicated that 

5 bouts of 17 minutes swimming exercise for 

5 days increases phosphorylation of CaMKII 

at Thr286 in rat skeletal muscle. These studies 

confirm that exercise increases phosphoryla-

tion of CaMKII in both animals and humans. 

 

Role of CaMKII in GLUT4 expression,  

mitochondrial biogenesis, and histone  

modification  

Exercise induces several molecular sig-

nals in skeletal muscle, which are responsible 

for the initial activation of mitochondrial bio-

genesis after exercise. These molecular sig-

nals include increased levels of cytosolic 

Ca2+, AMP, and ROS (Irrcher et al., 2003; 

McConell et al., 2010; Ojuka et al., 2003). In-

creased cytosolic Ca2+ levels in L6 myotubes 

through caffeine treatment activates Ca2+/Cal-

modulin kinase and increases markers of mi-

tochondrial biogenesis, which include PGC-

1α, Tfam, COX, and citrate synthase. Con-

versely, inhibition of CAMKII activity com-

pletely prevents Ca2+-induced increase of 

PGC-1α expression and mitochondrial bio-

genesis (Ojuka et al., 2003 McConell et al., 

2010). PGC-1 is a transcriptional co-activator 

that interacts with a broad range of transcrip-

tion factors that are involved in a wide variety 

of biological responses, including adaptive 

thermogenesis, mitochondrial biogenesis, and 

glucose/fatty acid metabolism. Raising cyto-

solic Ca2+ in epitrochlearis muscle induces an 

increase in PGC-1 expression and mitochon-

drial biogenesis and this adaptation is pre-

vented by inhibiting CaMKII.  

A study by Mukwevho et al. (2008) re-

ported that caffeine-induced CaMKII activa-

tion increases the binding of MEF2A to Glut4 

promoters and GLUT4 expression in C2C12 

myotubes. CaMKII-induced expression was 

diminished by KN93 treatments. MEF2 is a 

transcriptional activator; it relies on recruit-

ment and co-operation with other transcrip-

tion factors to drive the expression of its target 

genes. Another study by Smith et al. (2007) 

showed that high-intensity exercise resulted 

in increases of autonomous CaMKII activity, 

increases in MEF2A-bound Glut4, and in-

creases in GLUT4 mRNA and protein expres-

sion in the rat triceps muscle.  

Chromatin comprises genomic DNA 

wrapped around a core of histone proteins 

(Strahl and Allis, 2000). The spatial relation-

ship between DNA and the histone core deter-

mines the transcriptional status of surround-

ing genes. A study by McKinsey et al. (2001) 

reported that a tight association between DNA 

and histones results in transcriptional repres-

sion and the loose association between DNA 

and histones results in increased transcrip-

tional activation. Furthermore, associations 

between DNA and histones are controlled by 

post-translational modifications such as acet-

ylation, phosphorylation, and methylation of 

histones proteins (Strahl and Allis, 2000). For 

example, acetylation induces the removal of 

positive charge from histones and decreases 



EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

394 

the association between histones with the neg-

atively charged phosphate group of DNAs. As 

a result, tight electrostatic interaction between 

histones and DNA converts to a more relaxed 

structure that is associated with greater levels 

of gene transcription (Strahl and Allis, 2000). 

Acetylation is closely associated with in-

creases in transcriptional activation, while 

deacetylation is linked with transcriptional 

deactivation. Mechanisms for acetylation and 

deacetylation take place on the NH3
+ groups 

of lysine amino acid residues. Acetylation is 

regulated by a factor called Histone acetyl-

transferases (HATs). HATs help the transfer 

of an acetyl group from a molecule of acetyl 

Coenzyme-A to the NH3
+ group on lysine. 

Deacetylation of lysine is facilitated by a fac-

tor called Histone deacetylases (HDACs), 

which catalyzes the removal of the acetyl 

group with a molecule of H2O (Kuo and Allis, 

1998; Grunstein, 1997). 

A study by McGee and Hargreaves (2004) 

showed that a single bout of exercise reduces 

the amount of HDAC5 in the nucleus of hu-

man skeletal muscle. In addition, over-ex-

pression of HDAC5 attenuated the adapta-

tions to exercise training in mouse skeletal 

muscle (Potthoff et al., 2007). Exercise ex-

ports HDAC from DNA, thereby removing 

their transcriptional repressive function. 

CaMKII activation by exercise exports nu-

clear HDAC from DNA by phosphorylation 

(Grozinger and Schreiber, 2000; McKinsey et 

al., 2000; Lu et al., 2000; Wang et al., 2000; 

Backs et al., 2006). A study by Smith et al. 

(2007) reported two-fold increases of 

CaMKII phosphorylation in Wistar rats after 

they completed 5 x 17 min bouts swimming 

session. Exercise-induced CaMKII phosphor-

ylation diminished when KN93 was adminis-

trated prior to exercise. CaMKII activation 

exports HDAC from DNA by phosphoryla-

tion, which may increase the accessibility of 

MEF2 to their binding domains and allow the 

recruitment of co-activators such as PGC-1 to 

stimulate the expression of target genes 

(Grozinger and Schreiber, 2000). Export of 

HDAC favors increased HAT activity. Asso-

ciations of HDAC free MEF2 and HAT to-

gether with co-activator molecules such as 

PGC-1 facilitate the acetylation of MEF2. 

This increases the rate of binding of MEF2 to 

the transcriptional activator and results in in-

creased GLUT4 gene expression (Figure 3). 

 

 

Figure 3: CaMKII activation by exercise increases GLUT4 expression. Exercise activates the binding 
of Ca2+/calmodulin complex to the CaM binding domain, resulting in the phosphorylation of Thr286 that 
activates CaMKII. CaMKII activation causes export of HDAC  resulting in increased MEF2 gene tran-
scription; and MEF2 together with HAT and other transcriptional factors increase the GLUT4 expression.  



EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

395 

REFERENCES 

ADA, American Diabetes Association. Introduction. 

Diabetes Care. 2004;27(Suppl 1):S1-2. 

Araki E, Lipes MA, Pattti ME, Khan CR. Alternative 

pathway of insulin signaling in mice with targeted dis-

ruption of the IRS- gene. Nature. 1994;372:186-90. 

Backs J, Song K, Bezprozvannaya S, Chang S, Olson 

EN. CaM kinase II selectively signals to histone 

deacetylase 4 during cardiomyocyte hypertrophy. J 

Clin Invest. 2006;116:1853-64. 

Baron AD, Brechtel G, Wallace P, Edelman SV. Rates 

and tissue sites of non-insulin and insulin mediated 

glucose uptake in humans. Am J Physiol. 1988; 

255:E769-74. 

Befroy DE, Petersen KF, Dufour S, Mason GF, de 

Graaf RA, Rothman D, Shulman GI. Impaired mito-

chondrial substrate oxidation in muscle of insulin-re-

sistant offspring of type 2 diabetic patients. Diabetes. 

2007;56:13761381. 

Berridge MJ, Lipp P, Bootman MD. The versatility and 

universality of calcium signalling. Nat Rev Mol Cell 

Biol. 2000;1:11-21. 

Blaak EE, Van Agge-Leijssen DP, Wagenmakers AJ, 

Saris WH, Van Baak MA. Impaired oxidation of 

plasma-derived fatty acids in type 2 diabetic subjects 

during moderate-intensity exercise. Diabetes. 2000;49: 

2102-7. 

Bruce CR, Thrush AB, Mertz VA, Bezaire V, 

Chabowski A, Heigenhauser GJ, et al. Endurance train-

ing in obese humans improves glucose intolerance, mi-

tochondrial fatty oxidation and alters muscle lipid con-

tent. Am J Physiol Endocrinol Metab. 2006;291:E99-

107. 

Christ-Roberts CY, Pratipanawatr T, Pratipanawatr W, 

Berria R, Belfort R, Kashyap S,et al. Exercise training 

increases glycogen synthase activity and GLUT4 ex-

pression but not insulin signaling in overweight non-

diabetic and type 2 diabetic subjects. Metabolism. 

2004;53:1233-42. 

Coderre L, Kandror KV, Vallega G, Pilch PF. Identifi-

cation and characterization of an exercise-sensitive 

pool of glucose transporters in skeletal muscle. J Biol 

Chem. 1995;270:27584-8.  

Colbran RJ, Schworer CM, Hashimoto Y, Fong YL, 

Rich DP, Smith MK et al. Calcium/calmodulin-de-

pendent protein kinase II. Biochem J. 1989;258:313. 

Cortez MY, Torgan CE, Brozinick JT Jr, Ivy JL. Insu-

lin resistance of obese Zucker rats exercise trained at 

two different intensities. Am J Physiol. 1991;261: 

E613-9. 

DeFronzo RA, Simonson D, Ferrannini E. Hepatic and 

peripheral insulin resistance:a common feature of type 

2 (non-insulin-dependent) and type 1 (insulin-depend-

ent) diabetes mellitus. Diabetologia. 1982;23:313-9. 

DeFronzo RA, Gunnarsson R, Björkman O, Olsson M, 

Wahren J. Effects of insulin on peripheral and splanch-

nic glucose metabolism in non-insulin-dependent 

(Type II) dia- betes mellitus. J Clin Invest. 1985;76: 

149-55. 

Deisseroth K, Heist EK, Tsien RW. Translocation of 

calmodulin to the nucleus supports CREB phosphory-

lation in hippocampal neurons. Nature. 1998;392:198-

200. 

Dohm GL, Tapscott EB, Pories WJ, Dabbs DJ, Flick-

inger EG, Meelheim D, et al. An invitro human muscle 

preparation suitable for metabolic studies - decreased 

insulin stimulation of glucose-transport in muscle from 

morbidly obese and diabetic subjects. J Clin Invest. 

1988;82:486-94. 

Dudley GA, Tullson PC, Terjung RL. Influence of mi-

tochondrial content on the sensitivity of respiratory 

control. J Biol Chem. 1987;262:9109-14. 

Dunstan DW, Salmon J, Owen N, Armstrong T, Zim-

met PZ, Welborn TA, et al. AusDiab Steering Commit-

tee:Associations of TV viewing and physical activity 

with the metabolic syndrome in Australian adults. Di-

abetologia. 2005;48:2254-61. 

Egan BP, Carson PM, Garcia-Roves AV, Chibalin FM, 

Sarsfield N, Barron N, et al. Exercise intensity-depend-

ent regulation of peroxisome proliferator-activated re-

ceptor coactivator-1 mRNA abundance is associated 

with differential activation of upstream signalling ki-

nases in human skeletal muscle. J Physiol. 2010;588: 

1779-90. 

Eriksson J, Koranyi L, Bourey R, Schalin-Jäntti C, 

Widén E, Mueckler M, et al. Insulin resistance in type 

2 (non-insulin- dependent) diabetic patients and their 

relatives is not associated with a defect in the expres-

sion of the insulinresponsive glucose transporter 

(GLUT4) gene in human skeletal muscle. Diabetolo-

gia. 1992;35:143-7. 

Fluck M, Booth FW, Waxham MN. Skeletal muscle 

CaMKII enriches in nuclei and phosphorylates myo-

genic factor SRF at multiple sites. Biochem Biophys 

Res Commun. 2000;270:488-94. 



EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

396 

Freyssenet D, Irrcher I, Connor MK, Di CM, Hood 

DA. Calcium-regulated changes in mitochondrial phe-

notype in skeletal muscle cells. Am J Physiol Cell 

Physiol. 2004;286:C1053-61. 

Garcia-Roves PM, Han DH, Song Z, Jones TE, Hucker 

KA, Holloszy JO. Prevention of glycogen supercom-

pensation prolongs the increase in muscle GLUT4 after 

exercise. Am J Physiol Endocrinol Metab. 2003;285: 

E729–36. 

Garvey WT, Maianu L, Zhu J, Brechtel-Hook G, Wal-

lace P, Baron AD. Evidence for defect in the trafficking 

and translocation of GLUT4 transporters in skeletal 

muscle as cause of human insulin resistance. J Clin In-

vest. 1998;101:2377-86. 

Goodpaster BH, Katsiaras A, Kelley DE. Enhanced fat 

oxidation through physical activity is associated with 

improvements in insulin sensitivity in obesity. Diabe-

tes. 2003;52:2191-7. 

Goodyear LJ, Giorgino F, Balon TW, Condorelli G, 

Smith RJ. Effects of contractile activity on tyrosine 

phosphoproteins and PI 3- kinase activity in rat skeletal 

muscle. Am J Physiol. 1995;268:E987-95. 

Granata C, Oliveira RSF, Little JP, Renner K, Bishop 

DJ. Training intensity modulates changes in PGC-1α 

and p53 protein content and mitochondrial respiration, 

but not markers of mitochondrial content in human 

skeletal muscle. FASEB J. 2016;30:959–70. 

Groop LC, Ratheiser K, Luzi L, Melander A, Simon-

son DC, Petrides A, et al. Effect of sulphonylurea on 

glucose stimulated insulin secretion in healthy and 

non-insulin dependent diabetic subjects: A dose-re-

sponse study. Acta Diabetol. 1991;28:162-8. 

Grozinger CM, Schreiber SL. Regulation of histone 

deacetylase 4 and 5 and transcriptional activity by 14-

3-3-dependent cellular localization. Proc Natl Acad Sci 

U S A. 2000;97:7835-40. 

Grunstein M. Histone acetylation in chromatin struc-

ture and transcription. Nature. 1997;389(6649):349-

52. 

Gurley JM, Griesel BA, Olson AL. Increased skeletal 

muscle GLUT4 expression in obese mice after volun-

tary wheel running exercise is posttranscriptional. Dia-

betes. 2016;65:2911-9. 

Hansen PA, Nolte LA, Chen MM, Holloszy JO. In-

creased GLUT-4 translocation mediates enhanced in-

sulin sensitivity of muscle glucose transport after exer-

cise. J Appl Physiol. 1998;85:1218-22. 

Hanson S K, Grotta JC,Waxham MN, Aronowski J, 

Ostrow P. Calcium/calmodulin-dependent protein ki-

nase II activity in focal ischemia with reperfusion in 

rats. Stroke. 1994;25:466-73. 

Hickson RC, Hughes JM, Eshani AA, Holloszy JO. 

Time course of the adaptive responses of aerobic 

power and heart-rate to training. Med Sci Sports Exerc. 

1981;13:17-20. 

Holloszy JO. Biochemical adaptations in muscle. Ef-

fects of exercise on mitochondrial oxygen uptake and 

respiratory enzyme activity in skeletal muscle. J Biol 

Chem. 1967;242:2278-82. 

Holloszy JO. Adaptations of skeletal muscle mitochon-

dria to endurance exercise:a personal perspective. Ex-

erc Sport Sci Rev. 2004;32:41-3. 

Holloszy JO, Booth FW. Biochemical adaptation to en-

durance exercise in muscle. Ann Rev Physiol. 1976;38: 

273-91. 

Hood D. Plasticity in skeletal, cardiac, and smooth 

muscle. J Appl Physiol. 2001;90:1137-57. 

Hood DA, Takahashi M, Connor MK, Freyssenet D. 

Assembly of the cellular powerhouse:current issues in 

muscle mitochondrial biogenesis. Exerc Sport Sci Rev. 

2000;28:68-73. 

Hood DA, Irrcher I, Ljubicic V, Joseph AM. Coordi-

nation of metabolic plasticity in skeletal muscle. J Exp 

Biol. 2006;209:2265-75. 

Hu G, Jousilahti P, Barengo NC. Physical activity, car-

diovascular risk factors, and mortality among Finnish 

adults with diabetes. Diabetes Care. 2005;28:799-805. 

Hudmon A, Schulman H. Structure-function of the 

multifunctional Ca2+/calmodulin-dependent protein 

kinase II. Biochem J. 2002;364:593-611. 

Irrcher I, Adhihetty PJ, Joseph AM, Ljubicic V, Hood 

DA. Regulation ofmitochondrial biogenesis in muscle 

by endurance exercise. Sports Med. 2003;33:783-93. 

Joseph JS, Ayeleso AO, Mukwevho E. Importance of 

CaMKII activation in the regulation of adiposomes and 

ATP concentration in rat skeletal muscle. Trans R Soc 

S Afr. 2018;73:193-7. 

Kanaseki T, Ikeuchi Y, Sugiura H, Yamauchi T. Struc-

tural features of Ca2+/calmodulin-dependent protein 

kinase II revealed by electron microscopy. J Cell Biol. 

1991;115:1049-60. 

Kelley DE, Mandarino LJ. Fuel selection in human 

skeletal muscle in insulin resistance – A re-examina-

tion. Diabetes. 2000;49:677-83. 

javascript:void(0)
javascript:void(0)
javascript:void(0)


EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

397 

Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunc-

tion of mitochondria in human skeletal muscle in type 

2 diabetes. Diabetes. 2002;51:2944-50. 

Kennedy JW, Hirshman MF, Gervino EV, Ocel JV, 

Forse RA, Hoenig SJ, et al. Acute exercise induces 

GLUT4 translocation in skeletal muscle of normal hu-

man subjects and subjects with type 2 diabetes. Diabe-

tes. 1999;48:1192-7. 

Kim YB, Nikoulina SE, Ciaraldi TP, Henry RR, Kahn 

BB. Normal insulin-dependent activation of Akt/pro-

tein kinase B, with diminished activation of phospho-

inositide 3-kinase, in muscle in type 2 diabetes. J Clin 

Invest. 1999;104:733-41. 

Kirwin JP, Khort WM, Wojta DM, Bourey RE, Hollo-

szy JO. Endurance exercise training reduces glucose-

stimulated insulin levels in 60- to 70-year old men and 

women. J App Biol. 2003;48:M84–90. 

Kirwan JP, Solomon TP, Wojta DM, Staten MA, Hol-

loszy JO. Effects of 7 days of exercise training on in-

sulin sensitivity and responsiveness in type 2 diabetes 

mellitus. Am J Physiol Endocrinol Metab. 2009;297: 

E151-6. 

Kraegen EW, Cooney GJ. Free fatty acids and skeletal 

muscle insulin resistance. Curr Opin Lipidol. 2008;19: 

235-41. 

Krajewski WA. Histone hyperacetylation facilitates 

chromatin remodelling in a Drosophila embryo cell-

free system. Mol Gen Genet. 2000;263:38–47. 

Kraniou GN, Cameron-Smith D, Hargreaves M. Effect 

of short-term training on GLUT-4 mRNA and protein 

expression in human skeletal muscle. Exp Physiol. 

2004;89:559–63. 

Kraniou GN, Cameron-Smith D, Hargreaves M. Acute 

exercise and GLUT4 expression in human skeletal 

muscle:influence of exercise intensity. J Appl Physiol. 

2006;101:934–7. 

Krssak M, Falk Petersen K, Dresner A, DiPietro L, Vo-

gel SM, Rothman DL, et al. Intramyocellular lipid con-

centrations are correlated with insulin sensitivity in hu-

mans:a 1H NMR spectroscopy study. Diabetologia. 

1999;42:113-6. 

Kubo K, Foley JE. Rate-limiting steps for insulin-me-

diated glucose uptake into perfused rat hindlimb. Am J 

Physiol. 1986;250:E100-2. 

Kump DS, Booth FW. Alterations in insulin receptor 

signalling in the rat epitrochlearis muscle upon cessa-

tion of voluntary exercise. J Physiol (London). 2005; 

562:829-38. 

Kuo MH, Allis CD. Roles of histone acetyltransferases 

and deacetylases in gene regulation. Bioessays. 1998; 

20:615-26. 

Lakka TA, Tuomilehto J. Epidemiological studies of 

exercise in diabetics’ prevention. Appl Physiol Nutr 

Metab. 2007;32:583-95. 

Lee SJ, Jiglan Z, Augustine MKC, Hong PK. Mito-

chondrial dysfunction induces formation of lipid drop-

lets as a generalized response to stress. Oxid Med Cell 

Longev. 2013;2013:327167. 

Lowell BB, Shulman. Mitochondrial dysfunction and 

type II diabetes. Science. 2005;307:384-7. 

Lu JR, McKinsey TA, Nicol RL, Olson EN. Signal-de-

pendent activation of the MEF2 transcription factor by 

dissociation from histone deacetylases. Proc Natl Acad 

Sci U S A. 2000;97:4070-5. 

Lund S, Pryor PR, Ostergaard S, Schmitz O, Pedersen 

O, Holman GD. Evidence against protein kinase B as a 

mediator of contraction-induced glucose transport and 

GLUT4 translocation in rat skeletal muscle. FEBS 

Lett. 1998;425:472-4. 

Martin IK, Katz A, Wahren J. Splanchnic and muscle 

metabolism during exercise in NIDDM patients. Am J 

Physiol. 1995;269:E583–90. 

McConell GK, Ng GP, Phillips M, Ruan Z, Macaulay 

SL, Wadley GD. Central role of nitric oxide synthase 

in AICAR and caffeine-induced mitochondrial biogen-

esis in L6 myocytes. J Appl Physiol. 2010;108:589-95. 

McGarry JD, Mills SE, Long CS, Foster DW. Obser-

vations on the affinity for carnitine, and M-CoA sensi-

tivity, of carnitine palmitoyl transferase I in animal and 

human tissues:demonstration of the presence of malo-

nyl-CoA in non-hepatic tissues of the rat. Biochem J. 

1983;214:21-8. 

McGee SL, Hargreaves M. Exercise and myocyte en-

hancer factor 2 regulation in human skeletal muscle. 

Diabetes. 2004;53:1208–14. 

McGee SL, Fairlie EG, Andrew PG, Hargreaves M. 

Exercise-induced histone modifications in human skel-

etal muscle. J Physiol. 2009;587:5951-8. 

McKinsey TA, Zhang CL, Lu JR, Olson EN. Signal-

dependent nuclear export of a histone deacetylase reg-

ulates muscle differentiation. Nature. 2000;408:106-

11. 

McKinsey TA, Zhang CL, Olson EN. Control of mus-

cle development by dueling HATs and HDACs. Curr 

Opin Genet Dev 2001;11:497-504. 



EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

398 

Meinild Lundby AK, Jacobs RA, Gehrig S, de Leur J, 

Hauser M, Bonne TC, et al. Exercise training increases 

skeletal muscle mitochondrial volume density by en-

largement of existing mitochondria and not de novo bi-

ogenesis. Acta Physiol (Oxf). 2018;222(1).  

Menshikova EV, Ritov VB, Toledo FG, Ferrell RE, 

Goodpaster BH, Kelley DE. Effects of weight loss and 

physical activity on skeletal muscle mitochondrial 

function in obesity. Am J Physiol Endocrinol Metab. 

2005;288:E818 –25. 

Merry TL, McConell GK. Skeletal muscle glucose up-

take during exercise: a focus on reactive oxygen spe-

cies and nitric oxide signaling. IUBMB Life. 2009;61: 

479-84. 

Mogensen M, Sahlin K, Fernstrom M, Glintborg D, 

Vind BF, Beck-Nielsen H, et al. Mitochondrial respi-

ration is decreased in skeletal muscle of patients with 

type 2 diabetes. Diabetes. 2007;56:1592-9. 

Morino K, Neschen S, Bilz S, Sono S, Tsirigotis D, 

Reznick RM, et al. IRS-1 serine phosphorylation is a 

key molecular event in the pathogenesis of fat-induced 

insulin resistance in skeletal muscle in vivo. Diabetes. 

2005;54:A339. 

Mukwevho E, Kohn TA Lang D Nyatia E, Smith J, 

Ojuka EO. Caffeine induces hyperacetylation of his-

tones at the MEF2 site on the GLUT4 promoter and 

increases MEF2A binding to the site via a CaMK-de-

pendent mechanism. Am J Physiol Endocrinol Metab. 

2008;294:E582-8. 

Neufer PD, Dohm GL. Exercise induces a transient in-

crease in transcription of the GLUT-4 gene in skeletal 

muscle. Am J Physiol Cell Physiol. 1993;265:C1597–

603. 

Nghiem P, Saati SM, Martens CL, Gardner P, Schul-

man H. Cloning and analysis of two new isoforms of 

multifunctional Ca2+/calmodulin-dependent protein 

kinase:expression in multiple human tissues. J Biol 

Chem. 1993;268:5471-9. 

O'Gorman DJ, Karlsson HKR, McQuaid S, Yousif O, 

Rahman Y, Gasparro D, et al. Exercise training in-

creases insulin-stimulated glucose disposal and 

GLUT4 (SLC2A4) protein content in patients with 

type 2 diabetes. Diabetologia. 2006;49:2983-92. 

Ojuka EO, Jones TE, Han DH, Chen M, Holloszy JO. 

Raising Ca2+ in L6 myotubes mimics effects of exer-

cise on mitochondrial biogenesis in muscle. FASEB J. 

2003;17:675-81. 

Payne ME, Fong YL, Ono T, Colbran RJ, Kemp BE 

Soderling TR, et al. Calcium/calmodulin-dependent 

protein kinase II. Characterization of distinct calmodu-

lin binding and inhibitory domains. J Biol Chem. 1988; 

263:7190-5. 

Potthoff MJ, Wu H, Arnold MA, Shelton JM, Backs J, 

McAnally J, et al. Histone deacetylase degradation and 

MEF2 activation promote the formation of slow-twitch 

myofibres. J Clin Invest. 2007;117:2459-67. 

Puntschart A, Claassen H, Jostarndt K, Hoppeler H, 

Billeter R. mRNAs of enzymes involved in energy me-

tabolism and mtDNA are increased in endurance-

trained athletes. Am J Physiol Cell Physiol. 1995;269: 

C619-25. 

Randle PJ. Regulatory interactions between lipids and 

carbohydrates:the glucose fatty acid cycle after 35 

years. Diabetes Metab Rev. 1998;14:263-83. 

Raney MA, Turcotte LP. Evidence for the involvement 

of CaMKII and AMPK in Ca2+-dependent signaling 

pathways regulating FA uptake and oxidation in con-

tracting rodent muscle. J Appl Physiol. 2008;104: 

1366-73. 

Ren JM, Semenkovik CF, Gao EA. Exercise induce 

rapid increase in GLUT 4 expression, glucose transport 

capacity and insulin stimulated glycogen storage in 

muscle. J Biol Chem. 1994;269:14396-401. 

Ritov VB, Menshikova EV, He J, Ferrell RE, Good-

paster BH, Kelley DE. Deficiency of subsarcolemmal 

mitochondria in obesity and type 2diabetes. Diabetes. 

2005;54:8-14. 

Roden M, Price TB, Perseghin G, Petersen KF, Roth-

man DL, Cline GW, et al. The role of insulin and glu-

cagon in the regulation of hepatic glycogen synthesis 

and turnover in humans. J Clin Invest. 1996;97:642-8. 

Rose AJ, Kiens B, Richter EA. Ca2+-calmodulin-de-

pendent protein kinase expression and signalling in 

skeletal muscle during exercise. J Physiol (London). 

2006;574:889-903. 

Rose AJ, Frosig C, Kiens B, Wojtaszewski JF, Richter 

EA. Effect of endurance exercise training on Ca2+ cal-

modulin-dependent protein kinase II expression and 

signalling in skeletal muscle of humans. J Physiol. 

2007;583:785-95. 

Rowland AF, Fazakerley DJ, James DE. Mapping in-

sulin/GLUT4 circuitry. Traffic. 2011;12:672-81. 

Serpiello FR, McKenna MJ Stepto NK, Bishop DJ, 

Aughey RJ. Performance and physiological responses 

to repeated-sprint exercise:a novel multiple-set ap-

proach. Eur J Appl Physiol. 2011;111:669-78. 



EXCLI Journal 2021;20:386-399 – ISSN 1611-2156 

Received: December 21, 2020, accepted: February 10, 2021, published: February 17, 2021 

 

 

399 

Shen K, Meyer T. In vivo and in vitro characterization 

of the sequence requirement for oligomer formation of 

Ca2+/calmodulin-dependent protein kinase II alpha. J 

Neurochem. 1998;70:96-104. 

Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo 

RA, Shulman RG. Quantitation of muscle glycogen 

synthesis in normal subjects and subjects with non-in-

sulin-dependent diabetes by 13C nuclear magnetic res-

onance spectroscopy. N Engl J Med. 1990;322:223-8. 

Smith JAH, Collins M, Grobler LA, Magee CJ, Ojuka 

EO. Exercise and CaMKII activation both Increase the 

Binding of MEF2A to the GLUT4 promoter in Skeletal 

Muscle in vivo. Am J Endocrinol Metab. 2007;292: 

413-20. 

Sriwijitkamol A, Coletta DK, Wajcberg E, Balbontin 

GB, Reyna SM, Barrientes J, et al. Effect of acute ex-

ercise on AMPK signaling in skeletal muscle of sub-

jects with type 2 diabetes:A time-course and dose-re-

sponse study. Diabetes. 2007;56:836–48. 

Strahl BD, Allis CD. The language of covalent histone 

modifications. Nature. 2000;403:41-5. 

Toledo FG, Menshikova EV, Ritov VB, Azuma K, 

Radikova Z, DeLany J, et al. Effects of physical activ-

ity and weight loss on skeletal muscle mitochondria 

and relationship with glucose control in Type 2 diabe-

tes. Diabetes. 2007;56:2142-7. 

Tuomilehto J, Lindström J, Eriksson JG, Valle TT, 

Hämäläinen H, Ilanne-Parikka P, et al. Prevention of 

type 2 diabetes mellitus by changes in lifestyle among 

subjects with impaired glucose tolerance. N Engl J 

Med. 2001;344:1343-50. 

Vittone JL, Kevin R, Maureen BL, Proctor DN, Rizza 

RA, Jill M, et al.Impact of aerobic exercise training on 

age-related changes in insulin sensitivity and muscle 

oxidative capacity. Diabetes. 2003;52:1888-96. 

Wallberg-Henriksson H, Holloszy JO. Activation of 

glucose transport in diabetic muscle:responses to con-

traction and insulin. Am J Physiol. 1985;249:C233–7. 

Wang AH, Kruhlak MJ Wu J, Bertos NR, Vezmar M, 

Posner BI, et al. Regulation of histone deacetylase 4 by 

binding of 14-3-3 proteins. Mol Cell Biol. 2000;20: 

6904-12. 

Williams RS, Salmons S, Newsholme EA, Kaufman 

RE, Mellor J. Regulation of nuclear and mitochondrial 

gene expression by contractile activity in skeletal mus-

cle. J Biol Chem. 1986;261:376-80. 

Williams RS, Garcia-Moll M, Mellor J, Salmons S, 

Harlan W. Adaptation of skeletal muscle to increased 

contractile activity. Expression nuclear genes encoding 

mitochondrial proteins. J Biol Chem. 1987;262:2764-

7. 

Wright DC, Geiger PC, Han DH, Jones TE, Holloszy 

JO. Calcium induces increases in peroxisome prolifer-

ator-activated receptor gamma coactivator1alpha and 

mitochondrial biogenesis by a pathway leading to p38 

mitogen-activated protein kinase activation. J Biol 

Chem. 2007;282:18793-9. 

Wu H, Puigserver U, Andersson C, Zhang G, Adel-

mant V, Mootha A, et al. Mechanisms controlling mi-

tochondrial biogenesis and respiration through the 

thermogenic coactivator PGC-1. Cell. 1999;98:115-24. 

Zierath JR, He L, Guma A, Odegoard WE, Klip A, 

Wallberg-Henriksson H. Insulin action on glucose 

transport and plasma membrane GLUT4 content in 

skeletal muscle from patients with NIDDM. Diabeto-

logia. 1996;39:1180–9. 

Zierath JR, Krook A, Wallberg-Henriksson H. Insulin 

action and insulin resistance in human skeletal muscle. 

Diabetologia. 2000;43:821-35. 

 

 


