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ABSTRACT 
 

Insulin resistance is a pathophysiological condition characterized by an impaired 

ability of insulin-sensitive tissues to respond normally to insulin stimulation. Insulin 

resistance is an early defect in the pathogenesis of type 2 diabetes (T2D), leading to 

impaired glucose disposal and contributing to elevated plasma glucose concentrations. 

There are a number of intracellular mechanisms underlying insulin resistance. These range 

from dysregulated nutrient metabolism to mitochondrial energy imbalance, oxidative 

stress, and inflammation. These cellular perturbations in turn stem from various etiologies, 

including obesity or excess fat consumption as well as the use of certain medications. 

Moreover, there are several gene variants associated with insulin resistance and the 

increased risk for type 2 diabetes. As skeletal muscle accounts for 80% of glucose disposal 

under insulin stimulation, it is a primary determinant of whole-body glycemic control. 

Therefore, the primary skeletal muscle cell cultures established from human muscle 

biopsies were utilized in this thesis as a study model to examine the impact of fatty acids 

(I), simvastatin (II), and AKT2 gene variant (III) on glucose metabolism and cell signaling 

events. 

Excess dietary saturated fatty acids have been implicated in the development of 

insulin resistance, whereas unsaturated fatty acids may have a protective effect on 

metabolism. In study I, we have investigated if insulin resistance induced by saturated 

fatty acid palmitate can be alleviated by simultaneous exposure to monounsaturated fatty 

acid oleate. We found that exposure of primary human myotubes to palmitate impaired 

insulin signaling, increased ER stress, and activated stress kinase JNK. These negative 

effects were restored by co-incubation with oleate. However, co-exposure to palmitate and 

oleate impaired insulin action on glucose uptake. This was related to increased 

mitochondrial ROS production and was ameliorated with antioxidants. 

Simvastatin use has been associated with an increased risk for T2D. In clinical use, 

simvastatin is administered as an inactive lipophilic lactone-form, which is then converted 

to an active acid-form in the body. Statins cause variable degrees of muscular side effects. 

Especially the lactone-form statins have been observed to be more prone to cause myotoxic 

effects. In study II, we have investigated if simvastatin affects glucose metabolism and 

mitochondrial respiration. Moreover, we have investigated if lactone- and acid-forms of 

simvastatin exert similar effects. We found that lactone- and acid-forms of simvastatin 
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exhibited differential effects on non-oxidative glucose metabolism, as the lactone-form 

increased, and the acid-form reduced insulin-stimulated glucose storage into glycogen. This 

suggests impaired insulin sensitivity in response to acid-form simvastatin. Both forms of 

simvastatin profoundly inhibited glycolysis and mitochondrial energy production. These 

effects may contribute to the muscular side effects and the risk for type 2 diabetes observed 

with simvastatin use. 

Finnish-specific gene variant in insulin signaling target AKT2 has been associated 

with increased predisposition to type 2 diabetes and in vivo insulin resistance in humans. 

In study III, we have established primary human muscle cells from 14 AKT2 variant 

carriers and 14 controls to investigate in vitro the impact of the gene variant on glucose 

metabolism and cell signaling events. The AKT2 gene variant led to impaired activation of 

the insulin signaling pathway, which may be a result of a defective binding of the variant 

AKT2-PH domain to PI(3,4,5)P3. In addition, AKT2 variant myotubes demonstrated 

reduced insulin-stimulated glycolysis. Global kinase activity profiling (PamGene®) 

revealed multiple differentially phosphorylated kinase substrates in insulin-stimulated 

myotubes from variant carriers. Further in silico upstream kinase analysis predicted a large-

scale impairment in activities of kinases participating in intracellular signal transduction, 

protein translation, and cell cycle events. In conclusion, p.P50T/AKT2 variant myotubes 

show alterations in several cellular signaling networks in vitro, which may contribute to the 

increased risk for skeletal muscle insulin resistance and T2D in the carriers of this signaling 

variant. 

The understanding of the various mechanisms of insulin resistance in skeletal 

muscle is far from complete. This thesis provides novel data on the events in cell 

metabolism and intracellular signaling which may contribute to the development of insulin 

resistance in human skeletal muscle and predispose to the development of type 2 diabetes. 
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TIIVISTELMÄ 
 

Insuliiniresistenssi on patofysiologinen tila, jolle on tunnusomaista 

insuliiniherkkien kudosten heikentynyt kyky vastata normaalisti insuliinistimulaatioon. 

Insuliiniresistenssi on varhainen häiriö tyypin 2 diabeteksen (T2D) patogeneesissä, ja 

johtaa heikentyneeseen glukoosin soluunottoon ja myötävaikuttaa kohonneeseen plasman 

glukoosipitoisuuteen. Insuliiniresistenssin taustalla on useita solunsisäisiä mekanismeja, 

jotka vaihtelevat ravintoaineenvaihdunnan säätelyn häiriöistä epätasapainoon 

mitokondrioiden energiataloudessa, oksidatiiviseen stressiin ja tulehdukseen. Nämä 

soluhäiriöt puolestaan johtuvat erilaisista syistä, kuten liikalihavuudesta tai liiallisesta 

rasvan saannista sekä joidenkin lääkkeiden käytöstä. Lisäksi on tunnistettu useita 

geenivariantteja, jotka liittyvät insuliiniresistenssiin ja lisääntyneeseen T2D:n riskiin. 

Koska luurankolihas vastaa 80 % glukoosin käytöstä insuliinistimulaation aikana, on se 

ensisijainen koko kehon glukoosiaineenvaihdunnan tasapainoa määrittävä tekijä. Siksi 

hyödynsimme tämän väitöskirjan tutkimusmallina ihmisen lihasbiopsioista johdettuja 

primaareja lihassoluviljelmiä tutkiaksemme rasvahappojen (I), simvastatiinin (II) ja AKT2-

geenivariantin (III) vaikutusta glukoosiaineenvaihduntaan sekä solujen 

signalointitapahtumiin. 

Ravinnon liiallisen tyydyttyneiden rasvahappojen määrän on todettu vaikuttavan 

insuliiniresistenssin kehittymiseen, kun taas tyydyttymättömillä rasvahapoilla voi olla 

suojaava vaikutus aineenvaihduntaan. Tutkimuksessa I olemme selvittäneet, voidaanko 

tyydyttyneen rasvahapon, palmitaatin, aiheuttamaa insuliiniresistenssiä lievittää 

altistamalla erilaistetut lihassolut samanaikaisesti kertatyydyttymättömälle rasvahapolle, 

oleaatille. Havaitsimme, että lihassolujen altistuminen palmitaatille heikensi insuliinin 

signaalinsiirtoa, lisäsi ER-stressiä ja aktivoi stressikinaasi JNK:ta. Nämä negatiiviset 

vaikutukset hävisivät, kun lihassoluja altistettiin samanaikaisesti palmitaatille ja oleaatille. 

Samanaikainen altistuminen palmitaatille ja oleaatille heikensi kuitenkin insuliinin 

vaikutusta glukoosin soluunottoon. Tähän liittyi mitokondrioiden lisääntynyt ROS-

tuotanto ja sitä voitiin helpottaa antioksidanteilla. 

Simvastatiinin käyttöön on todettu liittyvän kohonnut T2D:n riski. Kliinisessä 

käytössä simvastatiinia annetaan inaktiivisena lipofiilisenä laktonimuotona, joka muuttuu 

kehossa aktiiviseksi happomuodoksi. Statiinit voivat aiheuttaa lihaksissa eriasteisia 

haitallisia sivuvaikutuksia. Erityisesti laktonimuotoisten statiinien on havaittu olevan 
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taipuvaisempia aiheuttamaan lihastoksisuutta. Tutkimuksessa II olemme selvittäneet, 

vaikuttaako simvastatiini primaarien lihassolujen glukoosiaineenvaihduntaan ja 

mitokondriohengitykseen. Lisäksi olemme selvittäneet vaikuttavatko simvastatiinin 

laktoni- ja happomuodot samankaltaisesti. Havaitsimme eri simvastatiinimuodoilla olevan 

erilainen vaikutus ei-hapettavaan glukoosiaineenvaihduntaan: laktonimuotoinen 

simvastatiini lisäsi ja happomuotoinen vähensi insuliinistimuloitua glukoosin varastointia 

glykogeeniksi. Tämä viittaa siihen, että happomuotoinen simvastatiini heikentää lihasten 

insuliiniherkkyyttä. Molemmat simvastatiinimuodot kuitenkin heikensivät huomattavasti 

glykolyysiä ja mitokondrioiden energiantuotantoa. Nämä vaikutukset voivat 

myötävaikuttaa simvastatiinin käytön yhteydessä havaittuihin lihasperäisiin 

sivuvaikutuksiin sekä T2D:n riskiin. 

Suomalainen geenimuunnos insuliinin signaalisiirtoketjun kohdetta koodaavassa 

AKT2-geenissä on yhdistetty lisääntyneeseen T2D:n riskiin sekä in vivo 

insuliiniresistenssiin ihmisillä. Tutkimuksessa III olemme luoneet ihmisen primaarit 

lihassoluviljelmät 14 AKT2-variantin kantajasta ja 14 kontrollihenkilöstä tutkiaksemme 

geenivariantin vaikutusta glukoosiaineenvaihduntaan ja solujen signalointitapahtumiin in 

vitro. Havaitsimme, että AKT2-variantin kantajien lihassoluissa insuliinin signaalinsiirto 

oli heikentynyt, mikä saattaa johtua havaitusta variantti AKT2-PH-domeenin 

puutteellisesta sitoutumisesta PI(3,4,5)P3:een. Lisäksi osoitimme, että AKT2-variantin 

lihassoluissa insuliinistimuloitu glykolyysi oli alentunut verrattuna kontrollisoluihin. 

Globaalin kinaasiaktiivisuuden profilointi, käyttäen PamGene®-menetelmää, paljasti 

useita erilaisesti fosforyloituja kinaasisubstraatteja AKT2-variantin kantajien insuliinilla 

stimuloiduissa lihassoluissa. Ylävirran kinaasiaktiivisuuden in silico-analyysi ennusti 

laaja-alaista toiminnan heikkenemistä kinaaseissa, jotka osallistuvat muun muassa 

solunsisäiseen signaalinsiirtoon, proteiinien translaatioon sekä solusyklitapahtumiin. Nämä 

useiden eri signaalinsiirtoverkostojen muutokset variantin kantajien lihassoluissa saattavat 

myötävaikuttaa p.P50T/AKT2-variantin kantajien suurentuneeseen lihaksen 

insuliiniresistenssin ja tyypin 2 diabeteksen riskiin. 

Lihaskudoksen insuliiniresistenssin eri mekanismien ymmärtäminen on vielä 

puutteellista. Tämä väitöskirjatyö tuottaa uutta tietoa lihassolujen aineenvaihdunnan ja 

solunsisäisen signaalinsiirron tapahtumista, jotka voivat vaikuttaa insuliiniresistenssin 

kehittymiselle ihmisen luurankolihaksessa ja altistaa tyypin 2 diabeteksen kehittymiselle. 
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1. INTRODUCTION 
 

The incidence of diabetes and its comorbidities are rapidly increasing worldwide, causing 

an enormous economic burden on health care. In 2021, approximately 537 million adults 

were living with diabetes, and the number is estimated to increase to 783 million by the 

year 2045 (International Diabetes Federation, https://www.idf.org/). Of all diabetes cases, 

type 2 diabetes (T2D) accounts for 90%. T2D may lead to severe macro- and microvascular 

complications, which are a result of abnormalities in metabolism, including poor glycemic 

control. Cardiovascular disease (CVD), including coronary heart disease, peripheral 

vascular disease, and cerebrovascular disease, is one of the major causes of morbidity and 

mortality in T2D. The risk for CVD is 4-fold higher in people with T2D than in people 

without diabetes. Common microvascular complications include diabetic retinopathy, 

nephropathy, and neuropathy (Cade, 2008). There is also evidence of other comorbidities 

associated with T2D, such as depression, osteoporosis, and chronic obstructive pulmonary 

disease (COPD), as well as cancer and cognitive disability (e.g. dementia and Alzheimer`s 

disease) (Nowakowska et al., 2019; Tomic et al., 2022). Moreover, recent reports have 

shown that T2D is a common pre-existing condition associated with disease severity and 

higher death rates in COVID-19 patients. This has been postulated to stem from multiple 

mutual factors, such as obesity, insulin resistance, hyperglycemia, and inflammation, which 

potentially lead to increased susceptibility to developing severe COVID-19 (Rajpal et al., 

2020). 

 

The etiology of T2D and insulin resistance is highly variable, in most cases involving the 

interplay of environmental and genetic factors (gene–environment interaction). 

Nevertheless, the most influential environmental factors are related to urban lifestyle, such 

as excessive intake of unhealthy food, sedentary lifestyle, and lack of exercise, which are 

usually also underlying obesity. Smoking (also passive smoking) increases the risk for 

diabetes, while moderate alcohol consumption has been associated with a reduced risk of 

developing T2D (Laakso, 2019; Zheng et al., 2018). There is solid evidence from 

population-based follow-up studies in Finland (Lindström et al., 2003), as well as in the 

USA and Asia (Gong et al., 2019; Knowler et al., 2002), that lifestyle changes, that aim to 

achieve a reduction in body weight and an increase in the amount of moderate physical 

activity, are important in preventing the development of T2D among the people at high risk 
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for diabetes. However, understanding the physiological processes and cellular mechanisms 

contributing to diabetes risk is necessary to prevent the disease and for the development of 

novel therapeutic interventions. T2D is characterized by two major pathophysiological 

mechanisms, both contributing to hyperglycemia. Firstly, T2D is characterized by insulin 

resistance, which is an impaired physiological ability of insulin-sensitive tissues, primarily 

skeletal muscle, liver, and adipose tissue, to respond normally to insulin stimulation. 

Secondly, T2D is characterized by impaired insulin secretion from the pancreatic beta cells. 

As skeletal muscle plays a major role in maintaining whole-body glucose homeostasis, 

mechanisms of insulin resistance in skeletal muscle are examined in this doctoral thesis.  
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2. REVIEW OF THE LITERATURE 
 

 

2.1. INSULIN SIGNALING AND ACTION IN TARGET TISSUES 
 

Insulin affects multiple organs and tissues in the body both directly and indirectly. This 

literature review focuses only on skeletal muscle, adipose tissue, and liver, as they are the 

main determinants of whole-body glucose- and lipid metabolism. 

 

2.1.1. PI 3-kinase/AKT pathway 
 

Activation of the PI3K/AKT signaling pathway by multiple extracellular stimuli occurs 

virtually in all cells and tissues. One such extracellular stimulus is the hormone insulin. 

Insulin action is initiated by its binding to the insulin receptor (InsR) on the plasma 

membrane of the target cells (Manning & Toker, 2017). This results in the 

autophosphorylation of the tyrosine residues of InsR enabling the binding and 

phosphorylation of the insulin receptor substrate 1 (IRS-1). IRS-1 phosphorylation leads to 

recruitment and activation of various kinases, and thereby activation of multiple 

downstream signaling pathways (White, 1994). 

 

Tyrosine-phosphorylated IRS-1 binds to regulatory subunit p85 of the 

phosphatidylinositol 3-kinase (PI3K), an intracellular signal transducer, which has been 

implicated in multiple cellular processes including cell growth, proliferation, 

differentiation, survival, and metabolism. Activated PI3K catalyzes the conversion of 

phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2 or PIP2) into phosphatidylinositol 

(3,4,5)-trisphosphate (PI(3,4,5)P3 or PIP3) by phosphorylating the 3´hydroxyl of the 

inositol head group of the phosphoinositides (Vanhaesebroeck et al., 2012). 

 

PIP3 induces the activation of phosphatidylinositol-dependent protein kinase (PDK), which 

in turn activates many other kinases, one central of which being AKT (also known as 

protein kinase B, PKB). Ubiquitously expressed, 58 kDa size AKT is a serine/threonine 

kinase having three tissue-specific isoforms AKT1 (PKBa), AKT2 (PKBb), and AKT3 

(PKBg) (Manning & Toker, 2017). Cytosolic inactive AKT is recruited to the plasma 
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membrane, where it binds to PIP3 through the pleckstrin homology (PH) domain. This leads 

to phosphorylation of two activation sites of the AKT: Ser473 in the C-terminal hydrophobic 

regulatory domain by the mammalian target of rapamycin (mTOR) complex 2 (mTORC2), 

and Thr308 in the catalytic domain (T-loop) by PDK1, resulting in full activation of the 

kinase (Alessi et al., 1996; Sarbassov et al., 2005). AKT activation is turned off by the 

phosphatase PTEN (Phosphatase and Tensin homolog), which converts the PIP3 back to 

PIP2. AKT activation is also suppressed via the direct dephosphorylation of the Ser473 by 

the PHLPP (PH domain leucine-rich repeat protein phosphatase) (Gao et al., 2005) and 

Thr308 by the PP2A (Protein Phosphatase 2A) (Andjelkovic et al., 1996). 

 

When fully activated, AKT directly phosphorylates the downstream target AKT substrate 

160 kDa (AS160) at Thr642. AS160 (also known as TBC1D4 (TBC1 domain family 

member 4)) is a Rab GTPase activating protein (RabGAP) (Miinea et al., 2005). 

Phosphorylation of AS160 inhibits its GAP-activity, leading to an increase in GTP-bound 

forms of Rab. These Rab-GTP proteins are required for the insulin-stimulated translocation 

of glucose transporter 4 (GLUT4) containing vesicles from the intracellular storage 

compartment to the plasma membrane. Several reports have shown that the translocation 

of GLUT4 vesicles is tethered via actin filaments by Rab-activated myosin motor proteins. 

Exocytosis of the GLUT4 into the plasma membrane facilitates the diffusion of glucose 

into the cell when insulin is present (Boguslavsky et al., 2012; Lopez et al., 2009; Sun et 

al., 2014). 

 

AKT also phosphorylates glycogen synthase kinase 3 (GSK3), which was the first 

identified AKT substrate (Cross et al., 1995). GSK3 is a multi-functional serine-threonine 

kinase having two isoforms, a and b, which are phosphorylated by AKT at the N-terminal 

Ser21 and Ser9 residues, respectively. These phosphorylations lead to the inhibition of the 

enzymatic activity of the GSK3, and thus, suppress its inhibitory effect on glycogen 

synthase. Therefore, AKT signaling initiates the process leading to glycogen synthesis via 

inhibition of GSK3 (Kaidanovich-Beilin & Woodgett, 2011). 
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The main actions of the insulin signaling pathway are presented in Figure 1. 

 

 
Figure 1. Insulin signaling pathway and main actions on glucose metabolism in skeletal muscle. When 
insulin binds to the insulin receptor, it triggers an intracellular downstream signaling cascade via PI3K 
which leads to activation of AKT. Activated AKT phosphorylates its downstream targets AS160 and 
GSK3b, regulating glucose uptake and glycogen synthesis, respectively. IRS-1= insulin receptor 
substrate 1, p85 = 85-kDa regulatory subunit, p110 = 110-kDa catalytic subunit, PI3K = 
phosphatidylinositol 3-kinase, PIP2 = phosphatidylinositol (4,5)-bisphosphate, PIP3 = 
phosphatidylinositol (3,4,5)-trisphosphate, AS160 = AKT substrate 160 kDa, GSK3b = glycogen 
synthase kinase 3, mTORC2 = mammalian target of rapamycin complex 2, PDK1 = 
phosphatidylinositol-dependent protein kinase 1, P = phosphorylation. Created with BioRender.com. 
 

 

2.1.2. Insulin action in skeletal muscle 
 

Glucose metabolism 

Insulin is a key hormone regulating glucose homeostasis. Insulin directly promotes glucose 

uptake into insulin-responsive target tissues. Skeletal muscle accounts for 80 % of the 

whole-body glucose disposal in the insulin-stimulated state in lean healthy individuals with 

normal glucose tolerance (NGT) (Abdul-Ghani & DeFronzo, 2010). Thus, skeletal 

muscle is a primary determinant of whole-body glycemic control. Under physiological 

conditions, approximately 2/3 of the glucose taken up by the muscle cell is converted into 

glycogen and 1/3 is directed to glucose oxidation (glycolysis). The majority of the glucose 
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(80–90%) that enters the glycolytic pathway, is converted to carbon dioxide (CO2) and 

water, and the remaining (10–20%) is converted to lactate (DeFronzo & Tripathy, 2009). 

On one hand, insulin has a stimulating effect on glycogen synthesis and the rate of 

glycolysis by activating hexokinase 2, and on the other, insulin has an inhibitory effect on 

the glycogen breakdown (Dimitriadis et al., 2011). 

 

Lipid metabolism 

Besides being a key mediator of skeletal muscle glucose metabolism, insulin also stimulates 

AKT signaling-mediated translocation of long-chain fatty acid (LCFA) transporters to the 

plasma membrane in order to promote fatty acid (FA) uptake by skeletal muscle, where 

lipids are stored as intracellular triacylglycerols (TAG). Glucose and LCFA uptake seem 

to be regulated via similar signaling effectors. Studies using mouse models have revealed 

that LCFA uptake into muscle is engaged with insulin-stimulated activation of Akt2 (Jain 

et al., 2015), AS160 (Chadt et al., 2008), and RabGAPs (Benninghoff et al., 2020).	

	

Protein metabolism 

Insulin increases protein synthesis rates when there is an excess of amino acids in the 

bloodstream (so called hyperaminoacidemia) and insulin inhibits protein breakdown in 

skeletal muscle (Sylow et al., 2021). Insulin inhibits protein degradation in an AKT-

dependent fashion: AKT phosphorylates forkhead box class O (FOXO) protein inhibiting 

its nuclear localization and, thus, inhibiting FOXO´s action to stimulate protein degradation 

and autophagy (Sandri et al., 2004). Insulin also stimulates amino acid uptake in skeletal 

muscle (Bonadonna et al., 1993) and triggers AKT-dependent activation of mTOR complex 

1 (mTORC1). mTORC1 is a protein complex that acts as a nutrient-sensor predominantly 

for amino acid sufficiency. In an abundance of amino acids and energy, mTORC1 promotes 

protein synthesis, a highly energy-consuming cellular function, by phosphorylating various 

downstream targets. The best-known canonical substrates of mTORC1 are p70S6 kinase 1 

(S6K1) and eukaryotic translation initiation factor E4 (eIF4E) binding protein (4E-BP), 

which in phosphorylated forms function to mediate protein translation at the ribosomes 

(Fernandes & Demetriades, 2021). Taken together, insulin suppresses skeletal muscle 

protein degradation and stimulates skeletal muscle protein synthesis. 
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2.1.3. Insulin action in other tissues 
 

Adipose tissue 

Adipose tissue affects both glucose and lipid metabolism, but it also acts as an endocrine 

organ secreting a number of hormones and cytokines. Adipose tissue is the major site for 

TAG synthesis and therefore it acts as an energy reservoir. Insulin action on adipose tissue 

is somewhat similar to muscle, but there are also tissue-specific differences. Insulin acts on 

adipose tissue by stimulating glucose uptake via GLUT4 and glycolysis via activation of 

hexokinase. Insulin also activates glycogen synthesis. In the context of lipid metabolism, 

insulin mediates fatty acid uptake and TAG synthesis, and it suppresses the TAG hydrolysis 

(lipolysis) and the release of free LCFA:s and glycerol from adipose tissue into the 

circulation (Dimitriadis et al., 2011) 

 

Liver 

Liver participates in maintaining whole-body metabolic balance by synthesizing molecules 

that are utilized elsewhere in the body. Approximately 1/3 of the plasma glucose is taken 

up by the liver, which stores it as glycogen (Adeva-Andany et al., 2016). Along with 

skeletal muscle, liver acts as a major glycogen store and is able to break down glycogen 

(glycogenolysis) for energy demand. But unlike muscle, in response to low plasma glucose 

concentration liver can also release glucose into the bloodstream, to be distributed to other 

tissues. Liver is also able to produce glucose from lactate, glycerol, or certain amino acids, 

in a process called gluconeogenesis. In the postprandial state, plasma glucose 

concentrations are increased, leading to increased hepatic glucose uptake in an insulin-

independent fashion via GLUT1 and GLUT2 glucose transporters located permanently in 

the plasma membrane (Chadt & Al-Hasani, 2020). While hyperglycemia per se is a major 

effector for liver glucose uptake, also elevated plasma insulin concentrations directly 

stimulate liver glucose uptake (Iozzo et al., 2003). In addition, insulin stimulates hepatic 

glucokinase activation, glycogen synthesis, and lipogenesis, while inhibiting 

gluconeogenesis and the release of glucose into the circulation (Adeva-Andany et al., 

2016). 
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2.1.4. AMPK action on insulin signaling and glucose metabolism 
 

The AMP-activated protein kinase (AMPK) acts as a sensor of cellular energy status. It 

plays a key role in maintaining energy balance at the whole-body level by sensing and 

responding to lowered levels of adenosine triphosphate (ATP) and elevated levels of 

adenosine monophosphate (AMP), which in turn are caused by impaired ATP production 

(e.g. depletion of glucose or oxygen) or accelerated ATP consumption (e.g. muscle 

contraction and hypoxia). AMP-dependent activation of AMPK involves its 

phosphorylation by an upstream kinase, the tumor suppressor liver kinase B1 (LKB1). 

AMP-independent activation of AMPK by a Ca2+-dependent process involves the 

phosphorylation by another upstream kinase, Calmodulin kinase kinase b (CaMKKb). 

Activated AMPK stimulates catabolic pathways that produce ATP while inhibiting ATP-

consuming processes such as biosynthesis, cell growth, and proliferation. For instance, 

AMPK phosphorylates and, thus, inactivates acetyl-CoA carboxylase (ACC), which leads 

to suppression of fatty acid synthesis and stimulation of fatty acid oxidation. AMPK also 

inhibits 3-hydroxy-3-methylglutaryl (HMG) -CoA reductase, the key enzyme in the 

mevalonate pathway, which positively regulates cholesterol and isoprenoid biosynthesis. 

AMPK is a complex containing 3 subunits that form a functional enzyme conserved from 

yeast to humans; the catalytic a subunit (with two isoforms a1 and a2), the glycogen-

sensing b subunit (with two isoforms b1 and b2), and the g subunit (with three isoforms g1, 

2g , and g3) including two regulatory sites that bind the activating AMP and inhibitory ATP 

nucleotides. Hormones and cytokines such as insulin, leptin, and adiponectin interact with 

the AMPK system. AMPK is also pharmacologically activated by the AMP-mimicking 

compound 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) as well as the 

antidiabetic agent metformin (Hardie, 2013; Motoshima et al., 2006; Towler & Hardie, 

2007). 

 

In addition to the regulation of skeletal muscle fatty acid metabolism, AMPK also plays a 

key role in physiological and pharmacological stimulation of muscle glucose uptake. 

Activated AMPK directly phosphorylates AS160 and increases muscle glucose uptake via 

an insulin-independent mechanism (Hilder et al., 2005; Treebak et al., 2006). Rodent 

studies have shown that the activation of AMPK by AICAR is associated with lower blood 

glucose levels, partially because of the increased muscle glucose uptake. AICAR increases 
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glucose transport and cell-surface GLUT4 content in the human skeletal muscle (Koistinen 

et al., 2003). AMPK is inhibited by insulin, which induces AKT-mediated phosphorylation 

of the S487 site of the AMPK α1-subunit, thus blocking upstream kinases, such as LKB1, 

from phosphorylating AMPK-T172 (Hawley et al., 2014). Also factors such as glycogen 

content, exercise training, and fiber type influence AMPK activation and subsequent 

increases in muscle glucose uptake. Metformin, which is widely used for the treatment of 

diabetes, activates AMPK and stimulates the muscle glucose uptake (Hardie, 2013; Musi 

& Goodyear, 2003). 

 

 

2.2. INSULIN RESISTANCE 
 

Insulin resistance is a pathological condition identified as an impaired physiological ability 

of insulin-sensitive tissues, primarily muscle, liver, and adipose tissue, to respond normally 

to insulin stimulation (Freeman & Pennings, 2021). The first reports of the concept of 

insulin resistance as an underlying cause of T2D have been reported already in 1930´s 

(Falta & Boller, 1931; Himsworth, 1936). Insulin resistance results in impaired insulin-

stimulated glucose disposal. This is associated with a compensatory increase in 

pancreatic b-cell insulin secretion and plasma hyperinsulinemia. Eventually, failure of b-
cells to maintain compensatory insulin secretion leads to the development of the T2D 

(Nolan, 2010). The consequences of insulin resistance to whole-body physiology are highly 

variable ranging among others from dysglycemia and dyslipidemia to hypertension,  

metabolic syndrome, nonalcoholic fatty liver disease (NAFLD), and T2D (Freeman & 

Pennings, 2021).  

 

The gold standard to measure insulin resistance is the hyperinsulinemic-euglycemic clamp 

technique, developed in the late 1970´s (DeFronzo et al., 1979). This technique is used 

mainly for research purposes and has very limited clinical applicability. However, there are 

other clinically useful measures for insulin resistance, such as the homeostatic model 

assessment of insulin resistance (HOMA-IR), originally described in 1980´s (Matthews et 

al., 1985). This computational assessment can be calculated using fasting plasma glucose 

(fP-Gluc) and fasting plasma insulin (fP-Ins) concentrations; therefore, it has been widely 
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used for the estimation of insulin resistance, particularly in epidemiological research and 

clinical practice (Matsuda, 2010). 

 
The etiology of insulin resistance is highly variable. To date, a broad spectrum of 
underlying causes or risk factors for insulin resistance has been identified. Primarily insulin 
resistance is regarded as an acquired condition related to obesity and excess fatty acid 
consumption together with a sedentary lifestyle. However, genetic background – family 
history with diabetes or gene variants contributing to impaired insulin sensitivity or insulin 
secretion – has strong implications in the development of insulin resistance. There are also 
certain illnesses, such as lipodystrophy or polycystic ovary syndrome, and medications, 
such as glucocorticoids or antipsychotics, which predispose to insulin resistance (Freeman 
& Pennings, 2021). 

 

2.2.1. Insulin resistance in skeletal muscle 
 

Insulin resistance in skeletal muscle emerges long before hyperglycemia becomes evident 

(Abdul-Ghani & DeFronzo, 2010). This is ascribed to compensatory actions of pancreatic 

b-cells, which start to secrete higher amounts of insulin in order to achieve normal plasma 

glucose concentrations (Nolan, 2010). Skeletal muscle insulin resistance manifests as 

impaired muscle glucose disposal under insulin stimulation. In the early stages of the 

development of T2D, one of the suggested primary defects responsible for insulin 

resistance in skeletal muscle is impaired glycogen synthesis (DeFronzo & Tripathy, 2009). 

Nevertheless, insulin resistance in muscle is a direct consequence of impaired intracellular 

insulin signal transduction, which leads to impaired insulin-stimulated glucose uptake, 

glucose phosphorylation, glucose oxidation as well as glycogen synthesis (Abdul-Ghani & 

DeFronzo, 2010). Clinical studies using hyperinsulinemic glucose clamp-technique have 
demonstrated that skeletal muscle of T2D patients develops insulin resistance both due to 
the reduction in the magnitude of, and delayed onset of insulin action to stimulate glucose 

uptake (DeFronzo et al., 1985). Insulin-independent glucose uptake in skeletal muscle is 

also attenuated in insulin-resistant individuals (Jani et al., 2008). Moreover, skeletal muscle 

insulin resistance is associated with disturbances in protein metabolism, as the anabolic 

action of insulin, together with hyperaminoacidemia, to induce protein synthesis and halt 

protein degradation is impaired (Guillet et al., 2012). Skeletal muscle fatty acid (FA) 

metabolism is likewise compromised in insulin-resistant muscle. However, the causal 

connection is rather opposite, as the excess FA metabolism is generally accepted to be one 
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of the major underlying causes of the development of insulin resistance. This concept is 

further reviewed below in chapter 2.3 (page 27). 

 

2.2.2. Insulin resistance in other tissues 
 

Insulin resistance in adipose tissue manifests as impaired insulin- and AKT-mediated 

suppression of lipolysis, which is followed by the release of free FAs into the circulation. 

Excess plasma lipids, which are not stored in adipose tissue, are deposited into other tissues 

in the body. These include muscle, liver, and pancreas. Physiologically, insulin acts as an 

adipogenic hormone in the clearance of circulating free Fas by enhancing the FA uptake 

and TAG synthesis not only in adipose tissue but also in the liver, muscle, pancreas, heart, 

and other tissues (Gastaldelli et al., 2017). The prolonged excess accumulation of ectopic 

fat impairs muscle insulin signaling and glucose uptake, promotes hepatic gluconeogenesis 

(Roden et al., 2000), and impairs pancreatic insulin secretion (Wagner et al., 2021). 

Lipodystrophy (lack of adipose tissue) is associated with insulin resistance, as there is an 

insufficient amount of adipose tissue to absorb the postprandial fatty acid flux (Frayn et al., 

2007). 

 

Acutely insulin suppresses hepatic glucose production by inhibiting glycogenolysis 

(Sargsyan & Herman, 2019) and gluconeogenesis which mainly occurs in an extrahepatic 

manner by a decreased influx of gluconeogenic substrates, fatty acids, and amino acids, 

released from adipose and muscle tissues, respectively (Hatting et al., 2018). Insulin 

resistance in the liver predominantly manifests as impaired ability of insulin to suppress 

hepatic glucose production. Insulin mediates the inhibition of key gluconeogenic enzymes, 

such as glucose-6 phosphatase (G6Pase), at the transcriptional level via an AKT-dependent 

mechanism. AKT inactivates the transcription factor forkhead box protein O1 (FOXO1), 

which consequently leads to the inhibition of gluconeogenic enzymes  (Meshkani & Adeli, 

2009). Furthermore, ectopic lipid accumulation into the liver triggers the activation of the 

DAG/protein kinase C (PKC)ε axis. PKCε directly phosphorylates and inhibits InsR at 

Thr1160, thus impairing insulin signaling and its suppressive effect on FOXO1 (da Silva 

Rosa et al., 2020). Transcriptional changes may not contribute to acute regulation of hepatic 

glucose production but may have long-term effects, especially in pathological states. 
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The main actions of insulin in skeletal muscle, liver and adipose tissue in healthy and 

insulin-resistant conditions are presented in Figure 2. 

 

 
Figure 2. The main actions of insulin in normal and insulin-resistant tissues. The green up arrow (↑) 
indicates a stimulatory effect and green down arrow (↓) indicates an inhibitory effect of insulin in 
normal physiology. The red up arrow (↑) indicates an impaired inhibitory effect and red down arrow (↓) 
a blunted stimulatory effect of insulin in insulin resistance. Created with BioRender.com. 
 

 

 

2.3. FATTY ACID-INDUCED INSULIN RESISTANCE IN 

SKELETAL MUSCLE 
 

Obesity and excess dietary fat availability predispose to insulin resistance and T2D. The 

pivotal hypothesis, that TAG accumulation in muscle and liver is associated with insulin 

resistance, was set already in the early 1990´s (Kraegen et al., 1991). Nowadays, there are 

a plethora of studies showing putative condition-specific mechanisms for the FA-induced 

insulin resistance in multiple organs, including skeletal muscle, adipose tissue, liver, 

pancreas, gastrointestinal tract, and hypothalamus (Sears & Perry, 2015). In skeletal 

muscle, ectopic intracellular fat accumulation is associated with defects in FA metabolism, 
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such as FA uptake, TAG synthesis (lipogenesis) and breakdown (lipolysis), as well as FA 

oxidation (b-oxidation) (Turcotte & Fisher, 2008). Impairments in FA metabolism create 

lipotoxicity, which contributes to the development of insulin resistance via different 

mechanisms involving perturbations in insulin signaling and inflammatory signaling 

pathways, as well as oxidative stress and mitochondrial dysfunction (Kraegen & Cooney, 

2008). 

 

One aspect of lipid-induced insulin resistance underlines the quality of the consumed 

dietary fats. In the past decades, many studies have demonstrated that saturated dietary fatty 

acids result in insulin resistance (Ebbesson et al., 2010; Hu et al., 2001; Vessby et al., 2001). 

On the contrary, a diet high in monounsaturated fatty acids (MUFAs), such as the 

Mediterranean diet, has a protective effect on insulin sensitivity (Parillo et al., 1992; Vessby 

et al., 2001) and protects from major cardiovascular events (Estruch et al., 2018) and T2D 

(Salas-Salvado et al., 2014). Cell-based studies have provided further evidence that the 

monounsaturated FA oleate alleviates the insulin resistance induced by saturated FA 

palmitate (Coll et al., 2008; Peng et al., 2011). One suggested mechanism is linked to higher 

oxidation rates of unsaturated FAs (such as oleic acid) as well as medium-length saturated 

FAs (such as lauric acid), whereas the oxidation rates of long-chain saturated FAs (such as 

stearic or palmitic acids) are lower (DeLany et al., 2000). Taken together, nowadays it is 

widely accepted that both the quantity and quality of dietary fat affect the regulation of the 

insulin sensitivity (DiNicolantonio & O'Keefe, 2017; Schwab et al., 2014). However, the 

molecular mechanisms of how excess fatty acids and their saturation status affect reduced 

insulin action are still not completely understood. 

  

2.3.1. Mitochondrial fatty-acid β-oxidation and ROS 
 

Fatty acids are primarily oxidized (broken down) in a catabolic process of mitochondrial 

fatty acid β-oxidation (FAO). During the fasting state, when glucose supply is limited, free 

FAs are released mainly from the adipose tissue into circulation and taken up by other 

tissues, such as the liver, heart, and skeletal muscle, which can use FAs directly to generate 

energy. In addition, the liver can convert FAs into ketone bodies, a process for which FAO 

is crucial. Ketone bodies serve as an additional energy source also for the brain, which 

cannot use FAs as a fuel. FAs are transported across the plasma membrane by fatty acid 
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transport proteins (FATPs), which convert the FAs to fatty acyl-CoAs. Intracellular fatty 

acyl-CoAs are further transported into mitochondria facilitated by the carnitine shuttle, as 

the mitochondrial membrane is impermeable to acyl-CoAs. Carnitine acyltransferase 

(CPT-1) converts acyl-CoAs into acylcarnitines enabling them to the mitochondria. This is 

followed by re-conversion of the acylcarnitines by CPT2 back into their acyl-CoA esters, 

which can then undergo FAO. FAO is a cyclic process of enzymatic steps, which degrades 

acyl-CoAs into acetyl-CoAs and produces nicotinamide adenine dinucleotide (NADH) and 

flavin adenine dinucleotide (FADH2). Acetyl-CoA can enter the citric acid cycle (also 

known as tricarboxylic acid (TCA) cycle or Krebs cycle). The electron carriers NADH and 

FADH2 produced by both β-oxidation and the TCA cycle are transferred into the electron 

transport chain (ETC) and oxidative phosphorylation for the production of ATP (Houten & 

Wanders, 2010). 

 

Mitochondrial FA overload and incomplete oxidation of FAs have emerged as players in 

the pathogenesis of insulin resistance and T2D (Koves et al., 2008). Overstrained FA 

metabolism has been suggested to result in the generation of intermediate FA metabolites, 

such as diacylglycerol (DAG), long-chain fatty acyl-CoAs, and ceramides. These active 

intermediate metabolites, rather than intramyocellular triglycerides as such, may interfere 

with insulin signal transduction by triggering inhibitory serine-phosphorylation of IRS-1 

(Kraegen & Cooney, 2008; Pederson et al., 2001). Medium- and long-chain acylcarnitines 

are produced when FA supply exceeds the capacity of mitochondrial β-oxidation and the 

TCA cycle (Koves et al., 2008; Muoio & Neufer, 2012). Accumulation of acylcarnitines 

can impair insulin action on Akt phosphorylation and glucose uptake in skeletal muscle 

(Aguer et al., 2015), and pharmacological lowering of the long-chain acylcarnitine content 

in muscle improves insulin sensitivity (Liepinsh et al., 2016). 

 

Reactive oxygen species (ROS) are normal physiological by-products of oxidative 

metabolism. ROS, also called free oxygen radicals, are highly reactive chemicals formed 

by reduction-oxidation (redox) reactions from oxygen (O2). Major ROS include hydrogen 

peroxide (H2O2) and superoxide (O2¯).  At low, tightly regulated levels, ROS are crucial 

signaling agents in a wide range of signaling pathways involved in the maintenance of 

cellular homeostasis (such as mitogen-activated protein kinase (MAPK) and 

PI3K/AKT/mTOR pathways), and regulation of transcription factors (such as NF-κB/IκB 

and p53). Therefore ROS contribute to the regulation of various cellular functions and 
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metabolic processes, including proliferation, differentiation, migration, and angiogenesis. 

However, increased ROS production or improper elimination of ROS by the antioxidant 

system result in significant cellular damage known as oxidative stress (Checa & Aran, 

2020; Sies & Jones, 2020). Oxidative stress is present in various physiological and 

pathological states, including the exercise (Powers & Jackson, 2008) and insulin resistance 

(Hoehn et al., 2009). Mitochondrial FAO has been recognized as the main site for ROS 

production in various tissues both in rodents and humans (Anderson et al., 2009; Rosca et 

al., 2012; Zhang et al., 2019). FA concentrations in patients with T2D are significantly 

higher than in healthy subjects, as for example, the plasma palmitate concentrations are 

1.5- and 3-fold higher in T2D during fasting and fed states, respectively (Miles et al., 2003). 

Exposure of skeletal muscle mitochondria to even low concentrations of FAs results in 

increased ROS production (Seifert et al., 2010). Numerous studies have demonstrated that 

mitochondrially targeted antioxidants ameliorate the high fat-induced insulin resistance 

(Anderson et al., 2009; Bonnard et al., 2008; Nishida et al., 2020; Rudich et al., 1999). 
 

2.3.2. Endoplasmic reticulum stress 
 

The endoplasmic reticulum (ER) is a site for protein synthesis and folding as well as the 

system for global cellular transportation. Proteins synthesized through the ER represent 

most of the total protein output and, therefore, the ER processes need to be carefully 

monitored for aberrations, such as misfolded proteins (Schwarz & Blower, 2016). 

Furthermore, ER proteins are responsible for the synthesis of most cellular lipids, including 

TAGs and cholesterol (Jacquemyn et al., 2017). In skeletal muscle, specialized ER, called 

sarcoendoplasmic reticulum, serves as a calcium (Ca2+) storage site and regulates the Ca2+ 

release during muscle contraction (Deldicque et al., 2012). ER stress is ascribed to the 

accumulation of synthesized unfolded or misfolded proteins. ER stress activates unfolded 

protein response (UPR), a system of cell-signaling pathways that modulates ER folding 

capacity to restore protein homeostasis. Such pathways are mandatory to maintain normal 

cellular homeostasis in changing environments and to benefit the organism. 

 

UPR is mediated via three ER membrane-associated UPR-sensor proteins: PERK (protein 

kinase RNA-like ER kinase), IRE1 (inositol requiring enzyme 1), and ATF6 (activating 

transcription factor 6). In a normal “stress-free” situation, these three proteins are bound, 

and thus inactive, to ER-membrane by a chaperone called binding immunoglobulin protein 
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(BiP, also known as GRP78). When unfolded proteins accumulate in the ER, it triggers 

detachment of BiP from the UPR sensors, which then become activated and promote 

cellular responses that relieve ER stress by different mechanisms. PERK directly 

phosphorylates eukaryotic initiation factor 2a (eIF2a), inhibiting its regulatory actions on 

mRNA translation and thus reducing the global protein synthesis. PERK signaling also 

enhances the ability to cope with the elevated ROS produced via oxidative stress. IRE1 

activates X-box binding protein 1 (XBP1)-mediated upregulation of degradation 

components, lipid synthesis enzymes, and ER chaperones, that participate in the protein 

folding. ATF6 undergoes Golgi-facilitated proteolytic cleavage resulting in an active 50 

kDa fragment, which is subsequently translocated to the nucleus to promote the gene 

expression of ER chaperones and folding enzymes, and factors involved in protein 

degradation and apoptosis. Together, these three pathways reduce the ER protein load, 

dispose of misfolded proteins, and enhance folding capacity to alleviate ER stress, and in 

severe situations can also trigger apoptosis. All three UPR pathways also regulate NF-kB 

signaling resulting in inflammatory responses, such as the expression of cytokines (such as 

interleukin-1 and tumor necrosis factor a), which causes activation of stress-activated 

MAPKs, such as c-Jun N-terminal kinase (JNK) (Hotamisligil & Davis, 2016). 

 

ER stress causes insulin resistance by disturbing directly the insulin signaling pathway. The 

most proposed mechanisms include the activation of the JNK pathway via IRE1, resulting 

in inhibitory serine phosphorylation of IRS-1 and the suppression of the InsR signaling 

pathway. Another suggested mechanism involves activation of PERK/eIF2a/ATF4 

signaling leading to increased expression of tribbles-like protein 3 (TRB3), which inhibits 

AKT activity and therefore promotes insulin resistance. Both, JNK1 activation and TRB3 

expression, are increased in different organs from patients with obesity or T2D (Villalobos-

Labra et al., 2019). Furthermore, JNK has been proposed to induce hepatic insulin 

resistance in obesity via negative regulation of the PPARα-FGF21 axis, leading to reduced 

fatty acid oxidation and increased liver fat content (Solinas & Becattini, 2017). ER stress 

has also been linked to insulin resistance through activation of extracellular signal-

regulated kinase (ERK) signaling (Hwang et al., 2013) and inhibition of AMPK (Bohnert 

et al., 2018). Activation of PERK, JNK, IRE1, XBP1, and ATF6, detected with specific 

antibodies, has been widely used as a read-out when studying ER stress in cell systems. 
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Several human and animal in vivo and in vitro studies are pointing out the involvement of 

ER stress as a key step in the development of insulin resistance. Obese patients with T2D 

have increased levels of ER stress compared to healthy lean subjects. Obese patients also 

have higher levels of ceramides, saturated fat-derived lipid molecules, which may be 

involved in the aggregation of LDL cholesterol into the arterial wall and suppression of 

mitochondrial respiration. Ceramides are known to induce ER stress and insulin resistance 

in the skeletal muscle (Adams et al., 2004; Choi et al., 2018; Villalobos-Labra et al., 2019). 

ER stress has also been implicated also in calcium signaling and atherosclerosis (Ozcan et 

al., 2004). 

 

The main actions of ER stress and unfolded protein response pathway are presented in 

Figure 3. 

 

 
Figure 3. ER stress signaling pathway and the main actions of unfolded protein response (UPR). 
Accumulation of unfolded proteins in the ER leads to detachment of BiP from the UPR sensors IRE1, 
PERK and ATF6. These sensors trigger signaling pathways to increase the transcription of UPR 
proteins, which reduce the ER protein load, dispose of misfolded proteins, enhance folding capacity to 
alleviate ER stress, and in severe situations can also trigger apoptosis. BiP = binding immunoglobulin 
protein, PERK = protein kinase RNA-like ER kinase, IRE1 = inositol requiring enzyme 1, and ATF6 = 
activating transcription factor 6, ATF4 = activating transcription factor 4, JNK = c-Jun N-terminal 
kinase, (s)XBP1 = (spliced) X-box binding protein 1, eIF2a = eukaryotic initiation factor 2a, S1P = 
site-1 protease, S2P = site-2 protease, IRS-1 = insulin receptor substrate 1, P = phosphorylation. Created 
with BioRender.com. 
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2.4. STATIN-INDUCED INSULIN RESISTANCE IN SKELETAL 

MUSCLE 
 

2.4.1. Characteristics and functions of statins 
 

3-hydroxy-3-methyl coenzyme A (HMG-CoA) reductase inhibitors, statins, are blood 

cholesterol-lowering drugs that inhibit endogenous cholesterol biosynthesis (Evans & 

Rees, 2002). Statins are used for primary and secondary prevention of CVDs, such as 

atherosclerosis and coronary heart disease (Bibbins-Domingo, 2016; Spector & Snapinn, 

2011). A number of studies have demonstrated that statin therapy reduces morbidity and 

mortality from CVD and stroke. Recently, statin use has also been implicated as a beneficial 

adjunctive therapy for patients with COVID-19, most likely as a result of statins’ multiple 

pleiotropic effects including anti-inflammatory, immunomodulatory, antithrombotic, and 

antimicrobial properties (Kashour et al., 2021). 

 

The link between high cholesterol levels and coronary heart disease was proposed already 

over 100 years ago in the 1910s, and the pathway of cholesterol biosynthesis was described 

by Konrad Bloch and Feodor Lynen who got Noble prize for their discoveries in 1964. At 

the same time, the combination of high levels of low-density lipoprotein (LDL) and low 

levels of high-density lipoprotein (HDL) was identified as a major risk factor for heart 

attacks (Goldstein & Brown, 2015). HMG CoA reductase inhibitors, statins, and their 

potential as a cholesterol-lowering agent, were discovered in 1976 (Endo et al., 1976). 

 

Mevalonate pathway 

Statins inhibit mevalonate formation, the rate-limiting step within the cholesterol 

biosynthesis pathway (also known as the mevalonate pathway or isoprenoid pathway) in 

the liver. This pathway initiates from the acetyl-CoA, which is converted through 

enzymatic steps into HMG-CoA and further to mevalonate, catalyzed by HMG-CoA 

reductase. Mevalonate is finally processed into several hydrophobic molecules and 

nonsterol isoprenoids, as well as sterol isoprenoids such as cholesterol, which is an 

indispensable precursor of bile acids, lipoproteins, and steroid hormones. These 

intermediates are vital in multiple cellular processes. The mevalonate pathway is regulated 



 

34  

by sterol regulatory element-binding proteins (SREBPs), which are activated by the 

absence of sterol isoprenoids in the cell (Buhaescu & Izzedine, 2007).  

 

Action of statins 

By inhibiting HMG-CoA reductase anchored in the ER membrane of the liver cell, statins 

competitively prevent substrate access and block the conversion of HMG-CoA to 

mevalonate, resulting in the reduction of cholesterol biosynthesis. This in turn leads to 

upregulated expression of cell-surface LDL receptors, thereby enhancing the clearance of 

LDL from the blood (Lennernas & Fager, 1997). Statins also have beneficial pleiotropic 

effects not related to lipid metabolism, such as improved endothelial function and anti-

inflammatory effects, which may contribute to cardiovascular benefits together with the 

reduction in LDL cholesterol concentration. These pleiotropic effects are mostly thought 

to arise mainly from the parallel inhibition of the synthesis of isoprenoid intermediates of 

the mevalonate pathway (Buhaescu & Izzedine, 2007; Climent et al., 2021). 

 

Structural characteristics of the statins 

Statins are amphiphilic compounds that differ in their molecular solubility and 

pharmacological properties. These are defined by the ring and its hydrophilic (polar) or 

lipophilic (non-polar) substituents, attached to the active moiety of the statin compound. 

Hydrophilic statins (pravastatin and rosuvastatin) are transported into the liver cells in a 

carrier-mediated fashion, and they are generally excreted unchanged in the kidneys. 

Lipophilic statins (atorvastatin, fluvastatin, lovastatin, and simvastatin) are less 

hepatoselective and are therefore able to diffuse passively through the plasma membrane 

also into non-hepatic tissues. Most statins are metabolized by the cytochrome P450 (CYP) 

enzymes, the major enzyme group involved in drug metabolism. Administration of statins 

occurs either in inactive lactone (closed side-ring) or active acid-form (open side-ring); 

simvastatin and lovastatin are administered as lactone-form, which is then converted into 

the active acid-form in the body. Other statins, such as pravastatin, are administered as 

active acid-forms (Lennernas & Fager, 1997; Murphy et al., 2020). In vivo, all statins 

undergo interconversion (Kearney et al., 1993), and approximately equal amounts of 

lactone- and acid-forms are present in the human plasma (Backman et al., 2000; Skottheim 

et al., 2008). 
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2.4.2. Adverse effects of statin use 
 

Myotoxicity of the statins 

Since the mevalonate is the precursor for many active metabolites, inhibition of HMG-CoA 

reductase may potentially have adverse effects on several cellular functions and specific 

signaling pathways. These are manifested as tissue-specific symptoms. A common and 

well-known side effect of statin use is statin-associated muscle symptoms (SAMSs), 

counting for 72% of all statin adverse events. SAMSs range from elevated CK levels and 

mild myalgia to severe rhabdomyolysis. Although some clinical studies have suggested 

greater LDL-lowering effect and reduced cardiovascular events with lipophilic statins 

(Climent et al., 2021), the lipophilicity has been proposed for the cause of statin-induced 

muscle symptoms, as they can diffuse non-selectively into non-hepatic tissues such as 

skeletal muscle. Highly lipophilic simvastatin has been attributed to account for most of 

the muscular adverse effects. In contrast, mainly liver-targeted, hydrophilic pravastatin has 

been suggested to be less pleiotropic and therefore has a lower risk for SAMS (Bruckert et 

al., 2005; Ward et al., 2019). On the other hand, the form of statin-administration has been 

associated with myotoxicity, as lactone-form statins have been observed to be more prone 

to induce myotoxic effects than their corresponding acid-forms in the human skeletal 

muscle (Skottheim et al., 2008). Genetic mechanisms contributing to the hepatic uptake of 

statins have been identified. A genetic variant of the SLCO1B1 gene - coding for the 

hepatic membrane transporter OATB1B1 (organic anion transporting polypeptide 1B1), 

which facilitates hepatic statin uptake - has been associated with increased risk for muscle 

symptoms when simvastatin is used (Voora et al., 2009). 

 

Diabetic effect of statins 

Several clinical studies have demonstrated the association with statin treatment and 

increased risk for T2D (Maki et al., 2016). In vitro studies in L6 muscle cells demonstrate 

that exposure to simvastatin leads to insulin resistance (Yaluri et al., 2016). Statin treatment 

has been observed to lead to higher fasting glucose concentration (Sukhija et al., 2009), to 

a decrease in insulin secretion and whole-body insulin sensitivity which suggests 

development of insulin resistance in skeletal muscle (Cederberg et al., 2015). Regarding 

individual statins, rosuvastatin and simvastatin have been associated with the highest risk 

for T2D (Navarese et al., 2013), which raises the possibility that myotoxicity may 
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contribute to impaired muscle glucose homeostasis (Ward et al., 2019). The underlying 

mechanism of statin-induced insulin resistance in human muscle is not clear. However, 

several mechanisms have been shown to contribute. One suggested mechanism for statin-

induced insulin resistance is associated with decreased lipid synthetic capacity leading to 

intracellular accumulation of toxic fatty acid metabolites, which in turn reduce insulin 

sensitivity in skeletal muscle in humans in vivo (Larsen et al., 2018). In vitro studies using 

animal cell models have demonstrated that the inhibition of AKT phosphorylation in 

response to simvastatin treatment has been associated with mitochondrial dysfunction 

(Mullen et al., 2011; Schirris et al., 2015) and impairments in glucose metabolism (Li et 

al., 2016; Yaluri et al., 2016). 

 

 

2.5. GENE VARIANTS ASSOCIATED WITH INSULIN RESISTANCE 
 

2.5.1. Identification of T2D-associated gene variants 
 

A plethora of gene variants, single nucleotide polymorphisms (SNPs) or risk gene loci, 

contributing to T2D risk have been identified in numerous population genetic studies 

utilizing various methodological approaches (Cai et al., 2020; Flannick et al., 2019; 

Mahajan et al., 2018; Morris, 2018; Vujkovic et al., 2020). Genome-wide association 

studies (GWAS) have typically been used to assess genetic risk factors for diseases, 

investigating genetic markers from many, usually thousands of people`s genomes. To date, 

GWAS and GWAS meta-analyses have identified more than 450 T2D-associated SNPs, 

which have been classified into physiological categories based on association studies and 

cluster analyses. In the report by Goodarzi et al. (Goodarzi et al., 2020), 457 distinct SNPs 

from the GWAS meta-analysis of DIAMANTE (DIAbetes, Meta-ANalysis Trans-Ethnic) 

Consortium (Mahajan et al., 2018), and from the review study summarizing earlier GWAS, 

exome array, and sequencing studies (Morris, 2018) were combined (Goodarzi et al., 2020). 

Based on these data, genetic risk scores (GRS) were constructed. GRS is an estimate of the 

cumulative contribution of genetic factors to a specific outcome of interest in an individual. 

Of the SNPs strongly associated with T2D, 52 were assigned to beta cell physiology, 

ranging from insulin secretion and insulin processing to beta cell differentiation and 

proliferation. 30 SNPs were assigned to the insulin resistance, 12 to lipodystrophy, 12 to 
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body mass index (BMI) and/or circulating lipids (HDL + Tg), while the rest remained 

undefined (Goodarzi et al., 2020). 
 

2.5.2. Insulin secretion-associated gene variants 
 

Most of the genetic variants contributing to T2D risk seem to be associated with insulin 

secretion. Transcription factor 7-like 2 (TCF7L2) increases susceptibility to T2D by 

altering the levels of the glucagon-like peptide 1 (GLP-1) hormone, whose expression in 

the enteroendocrine cells is transcriptionally regulated by TCF7L2. Multiple SNPs in the 

TCF7L2 (transcription factor 7-like 2) gene identified in different ethnic groups have been 

shown to impair the expression of GLP-1, which in turn leads to reduced glucose-mediated 

insulin secretion (Del Bosque-Plata et al., 2021). However, there is evidence that variants 

in the TCF7L2 gene influence both insulin secretion and insulin sensitivity (Damcott et al., 

2006). Common polymorphism E23K in a gene KCNJ11 encoding the ATP-sensitive K+ 

channel subunit Kir6.2 in pancreatic beta cells results in diminished insulin secretion and 

increases the risk of T2D (Florez et al., 2007). One example of a loss-of-function gene 

variant, with a protective effect against T2D, is in a SLC30A8 gene. This gene codes for 

the protein Zinc transporter 8 (ZnT8), which is highly expressed in insulin-secreting 

granules of the beta cells, and loss of its function increases insulin secretion, therefore, 

having a beneficial impact on the glucose homeostasis (Flannick et al., 2014). 

 

2.5.3. Insulin resistance-associated gene variants 
 

While the majority of identified T2D associated gene variants affect insulin secretion, fewer 

contribute to the insulin resistance (Manning et al., 2012). To date, more than 30 insulin 

resistance-associated gene variants have been identified. SNPs causing insulin resistance 

are related to the insulin receptor signaling pathway, GLUT4 translocation, and glucose 

uptake, as well as lipid metabolism and mitochondrial function (Honardoost et al., 2014). 

 

Multiple SNPs in ADIPOQ gene coding for the hormone adiponectin have been found to 

be significantly associated with the pathogenesis of both T1D and T2D, as well as 

gestational diabetes (Howlader et al., 2021). Adiponectin is an endogenous insulin-

sensitizing hormone secreted by adipose tissue. Adiponectin enhances insulin sensitivity 

and alleviates diabetes by enhancing fatty acid metabolism and glucose uptake in skeletal 
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muscle. Therefore, the defective gene variant in adiponectin leads to skeletal muscle insulin 

resistance (Howlader et al., 2021). 

 

The peroxisome proliferator-activated receptor gamma (PPARG) gene plays a significant 

role in the development of T2D. PPARg is mainly expressed in adipose tissue, but also at 

lower levels in other tissues, such as skeletal muscle. The main functions of the PPARg are 

in the regulation of fatty acid storage and glucose metabolism in adipose tissue and skeletal 

muscle, respectively (Heikkinen et al., 2007).  Common protein-coding variant Pro12Ala 

in the PPARG contributes to decreased risk of T2D in multiple ancestries (Sarhangi et al., 

2020) and has been observed to improve insulin sensitivity and lipid profile in knock-in 

mice carrying the variant gene (Heikkinen et al., 2009). On the other hand, the dominant-

negative, loss-of-function variant Cys114Arg/PPARG has been linked to severe insulin 

resistance or full diabetes (Heikkinen et al., 2007). 

 

SNPs affecting various target genes in the intracellular insulin signaling pathway have been 

identified. To mention a few, the Gly972Arg variant of the IRS-1 (Yousef et al., 2018), 

multiple SNPs in the genes coding for InsR (Jang et al., 2019; Jin et al., 2006) and PI3K 

regulatory subunit p85 (Karadoğan et al., 2018), appear to have a pathogenic role in the 

development of insulin resistance and T2D. A nonsense variant in the gene TBC1D4 

(=AS160) common in the Greenlandic population is strongly associated with insulin 

resistance and T2D. Lower mRNA and protein levels of the full-length TBC1D4 and lower 

levels of the GLUT4 protein were detected in skeletal muscle biopsies of the individuals 

with an increasing number (1 or 2) of Arg684Ter/TBC1D4 alleles (Moltke et al., 2014). 

 

A few insulin resistance-associated SNPs in the AKT gene, which encodes one of the most 

important protein kinases in the insulin signaling pathway, have been identified. The major 

isoform, AKT2, is essential for insulin action on glucose metabolism in the human 

myotubes (Bouzakri et al., 2006). One such inactivating SNP, leading to amino acid 

substitution of Arg274His in the AKT2 kinase and its loss-of-function characteristics, was 

discovered in a family with severe, inherited insulin resistance and lipodystrophy (S. 

George et al., 2004). All variant carriers had fasting hyperinsulinemia and 3/4 had T2D. 

Further investigations revealed that the substitution of Arg274His locates in the catalytic 

domain of the AKT2 and disrupts its kinase activity. In vitro kinase assay confirmed that 
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mutant kinase was unable to phosphorylate its downstream target GSK3. Expression of the 

Arg274His/AKT2 in cultured liver cells (HepG2) disrupted insulin signaling and markedly 

decreased lipid accumulation in adipocytes (3T3-L1) (S. George et al., 2004). An activating 

variant, Glu17Lys/AKT2, on the other hand, has been shown to lead to hyperinsulinemic 

hypoglycemia, an opposite phenotype to loss-of-function variants (Arya et al., 2014; 

Hussain et al., 2011). In these studies, the variant Glu17Lys/AKT2 was constitutively 

recruited to the plasma membrane, leading to insulin-independent activation of downstream 

signaling. As both activating and inactivating variants of the AKT2 lead to dysregulated 

insulin and glucose homeostasis, it emphasizes the importance of the physiological balance 

and regulation of AKT2 in the maintenance of cellular glucose metabolism.  

 

2.5.4. Finnish-specific AKT2 gene variant 
 

An insulin resistance-associated, missense variant of Pro50Thr in the AKT2 gene 

(NP_001617.1:p.Pro50Thr/AKT2), specifically enriched in the Finnish population (minor 

allele frequency (MAF) = 1.1%) and very rare in other ancestries, has been identified by 

Manning et al (Manning et al., 2017). This meta-analysis of a multiancestry sample data of 

GoT2D and T2D-GENES Consortia (Fuchsberger et al., 2016), and of other cohorts 

including Finland-United States Investigation of NIDDM Genetics (FUSION) (Valle et al., 

1998) and Metabolic Syndrome in Men (METSIM) (Laakso et al., 2017), identified the 

association between the p.Pro50Thr/AKT2 and increased fasting plasma insulin and 

predisposition to T2D. Further in silico analyses revealed that the amino acid Pro50Thr 

substitution lies within the PH domain of the kinase. Proline is a non-polar, hydrophobic 

amino acid, whereas threonine is more hydrophilic and has a hydroxyl group making it a 

polar amino acid (Nelson et al., 2017). The 3D modeling of the AKT2-Pro50Thr variant 

protein structure predicted a conformational change in the PH domain suggesting its 

inefficient recruitment to the plasma membrane, thus impacting the downstream activity of 

AKT2. In vitro analysis in lentiviral transfected HeLa cells showed that expression of 

variant AKT2-Pro50Thr leads to a partial loss of the AKT2 phosphorylation at its activation 

sites, Ser473 and Thr308, and to partially impaired capacity of AKT2 to phosphorylate its 

downstream target GSK3b (Manning et al., 2017). 
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The impact of the p.Pro50Thr/AKT2 gene variant on in vivo glucose uptake was further 

investigated in a genotype-based callback study using 2-deoxy-2-[18F]-fluoro-D-glucose 

positron emission tomography ([18F]-FDG-PET) scan combined to hyperinsulinemic-

euglycemic clamp (Latva-Rasku et al., 2018). Nondiabetic men carrying the 

p.Pro50Thr/AKT2 gene variant and controls were recruited from the ongoing METSIM 

follow-up study (Laakso et al., 2017). [18F]-FDG-PET scan revealed reduced insulin-

stimulated glucose uptake at a whole-body level and in various tissues, including skeletal 

muscle and liver, indicating insulin resistance in the carriers of the p.Pro50Thr/AKT2 

compared to noncarriers (Latva-Rasku et al., 2018). Endogenous glucose production (EGP 

= liver gluconeogenesis and glycogenolysis) was significantly increased, indicating the 

presence of insulin resistance also in the liver. In addition, variant carriers had higher levels 

of free FAs during the clamp, suggesting an impaired insulin action on the suppression of 

adipose tissue lipolysis in the carriers of p.P50T/AKT2. In contrast, brain glucose uptake 

was increased, corroborating results from earlier studies, which demonstrated that glucose 

uptake in the brain is paradoxically increased in insulin resistance (Hirvonen et al., 2011; 

Rebelos et al., 2021). These findings underline the importance of intact AKT2 signaling to 

maintain normal glucose homeostasis. Studies elucidating how p.P50T/AKT2 variant 

affects the landscape of molecular events in muscle cells would provide mechanistic insight 

on the pathogenesis of skeletal muscle insulin resistance observed in the carriers of this 

signaling variant in vivo.  
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3. AIMS OF THE STUDY 
 

The aims of the thesis were: 

 

1.  To study if insulin resistance induced by saturated fatty acid palmitate can be alleviated 
by simultaneous exposure to monounsaturated fatty acid oleate in primary human skeletal 
muscle cells (Study I). 
 
2. To investigate if simvastatin affects glucose metabolism, insulin signaling and 
mitochondrial respiration in primary human skeletal muscle cells, and to study if lactone- 
and acid-forms of simvastatin have a similar effect (Study II). 
 

3. To study if the Finnish-specific AKT2 gene variant affects glucose metabolism and 
intracellular signaling in primary human skeletal muscle cells (Study III). 
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4. MATERIALS AND METHODS 
 

4.1. REAGENTS 
 

Following cell culture medias were used: 

For proliferation: High glucose DMEM/F12 (3150 mg/L, 17.5 mmol/l, Gibco cat. 31331, 

Grand Island, NY, USA). For differentiation: Low glucose DMEM/F12 (1000 mg/L, 5.6 

mmol/l, Gibco cat. 21885). For pre-treatments and serum starvation: Low glucose DMEM 

(Sigma cat. D5546, St. Louis, MO, USA). For glucose uptake assay: Glucose-free DMEM 

(Gibco cat. 11966)  

 

Antibodies: 

Primary antibodies used in the studies are listed in Table 1. Anti-rabbit (cat. 111-035-003) 

and anti-mouse (cat. 115-035-044) HRP-conjugated secondary antibodies were from 

Jackson ImmunoResearch Laboratories Inc (Cambridgeshire, UK). 

 

PamGeneÒ reagents and consumables: 

PamChip® Serine/Threonine and Protein Tyrosine Kinase array chips, and PTK and STK 

reagent kits were from PamGene (‘s-Hertogenbosch, The Netherlands). M-PER 

(Mammalian Protein Extraction Buffer) lysis buffer and Halt Protease and Phosphatase 

Inhibitor Cocktails were from Thermo Fisher ScientificÔ (Darmstadt, DE). 

 

Agilent Seahorse reagents and consumables: 

XF Mito Stress Test Kit, XF Glycolysis Stress Test Kit, XF Glycolytic Rate Assay Kit, XF 

DMEM medium pH 7.4, XF 1.0 M Glucose Solution, XF 100 mM Pyruvate Solution, and 

XF 200 mM Glutamine Solution, as well as Seahorse XFe96 plates and sensor cartridges, 

were from Agilent Technologies Inc (Santa Clara, CA, USA).  

 

Other reagents: 

Amphotericin B (Fungizone) and MitoTempo were from Gibco (Grand Island, NY, USA). 

Penicillin-streptomycin solution, FBS, 2-DG, L-glutamine, palmitic acid, oleic acid, 

Tempol, L-carnitine, rat liver glycogen carrier, cytochalasin B, and L-Glutathione were 

from Sigma (St Louis, MO, USA). MitoSOX™ fluorescent dye was from Molecular Probes 
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(Invitrogen, Mountain View, CA, USA). Simvastatin (in lactone form) was from 

Calbiochem/EMD Millipore. Pravastatin was from Tocris Bioscience (Bristol, UK). WST-

1 assay kit was from Takara Bio Inc. (Shiga, JP). Fatty acid-free BSA was from Biowest 

(Nuaillé, FR).  Actrapid Insulin was from Novo Nordisk (Bagsværd, DK). Radioactive 2-

[1,2-3H]-deoxy-D-glucose and D-[14C]-glucose were from Perkin Elmer (Boston, MO, 

USA). cOmpleteTM EDTA-free Protease Inhibitor Cocktail and PhosSTOPTM Phosphatase 

Inhibitor were from Roche (Mannheim, DE). Pierce BCA Protein Assay Kit, ECL2 Western 

Blotting Substrate Kit, and PIP Strips™ Membranes were from ThermoFisher Scientific 

(Waltham, MA, USA). PVDF membranes and chromatography columns were from Bio-

Rad (Hercules, CA, USA). Glutathione SepharoseÔ4B was from GE Healthcare 

(Danderyd, SE). pGEX-4T-1 vector was from GenScript (Piscataway, NJ, USA), Rosetta 

DE3 competent E. Coli cells were from Novagen, MilliporeSigma (Burlington, MA, USA). 

 

 

4.2. CELL CULTURE 
 

4.2.1. Participants (I, II, III) 
 

Male volunteers were recruited for the muscle biopsies. Subjects` clinical glucose tolerance 

status was characterized by the standard oral glucose tolerance test (WHO criteria) to 

exclude diabetes. The clinical characteristics are presented in Table 2. In the study III, the 

participants were recruited from the ongoing METSIM study. Half were carrying 

p.P50T/AKT2 gene variant (n=14; 1 homozygous and 13 heterozygous) and half were 

control men (n=14). These 28 participants were recruited from the larger group of 45 men 

(20 carriers of p.P50T/AKT2 gene variant and 25 controls) who participated in the study 

investigating the tissue-specific glucose uptake by the [18F]-FDG-PET scan during the 

hyperinsulinemic-euglycemic clamp (Latva-Rasku et al., 2018). The studies were approved 

by The Ethical Committee of Helsinki University Central Hospital (Substudies I and II) 

and The Ethics Committee of the Hospital District of Southwest Finland (Study III). The 

studies were conducted according to the principles of the Declaration of Helsinki as revised 

in 2008. Written informed consent was given by the subjects before participation. 
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4.2.2. Muscle biopsies and isolation of primary muscle cells (I, II, III) 
 

Muscle biopsies were taken after an overnight fast, under local anesthesia (10 mg/ml 

lidocaine hydrochloride), from the thigh vastus lateralis muscle, as described (Study I, II, 

III). Briefly, myogenic satellite cells were isolated by trypsinization, purified from non-

myogenic cells with CD56+ labeled magnetic beads, and cultured in high-glucose (17.5 

mM) and high fetal bovine serum (FBS) (20%) DMEM/F12 in order to maintain the 

proliferative phase of the primary myoblasts. Before the experimental procedures, the 

myoblasts were differentiated into multinucleated myotubes for 6-7 days in low glucose 

(5.6 mM) and low serum (2%) DMEM/F12, following 2 h or overnight serum starvation 

with low-glucose DMEM supplemented with 0.5% fatty acid-free bovine serum albumin 

(BSA). All incubations were performed at +37°C, in a 5% CO2 incubator, unless otherwise 

mentioned. 

 

4.2.3. Cell pretreatments 
 

Insulin stimulation (I, II, III) 

To determine the insulin responses, differentiated and serum-starved myotubes were 

stimulated with or without 100 nM insulin. In study III, the stimulation was carried out in 

a dose-dependent fashion with 0, 1, 10, or 100 nM insulin. The stimulation time with insulin 

depended on the experimental assay performed, as detailed below. 

 

Pretreatment with fatty acids (I, III) 

Fatty acids conjugated with BSA and vehicle control (BSA-NaOH) were prepared before 

each experiment based on the previously reported procedure (Cousin et al 2001). Briefly, 

primary human myotubes were pretreated with 0.4 mM palmitate (C16:0) or 0.2 mM oleate 

(18:1 cis-9), or with their combination, in starvation media supplemented with 2 mM L-

carnitine, for 12 h. In some experiments, the pretreatments with fatty acids were coupled 

with antioxidants MitoTempo (50 μM) or Tempol (0.5 mM) for 12 h with or without the 

combination of palmitate (0.4 mM) and oleate (0.2 mM). In study III, the myotubes were 

pretreated only with 0.4 mM palmitate for 16 h (Mäkinen et al 2021). 
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Pretreatment with statins (II) 

Simvastatin was purchased as an inactive lactone-form powder, which was then dissolved 

in dimethyl sulfoxide (DMSO). In order to activate lactone-form into acid-form 

simvastatin, the powder was dissolved in 0.1 M NaOH-EtOH solution, as described (Study 

II). Differentiated myotubes were pre-treated with 6 μg/mL (14.3 μM) lactone- and acid-

form simvastatin or vehicle-control (0.1% DMSO and EtOH-NaOH, respectively) for 48 

h. In some experiments, the myotubes were pretreated with 13 μg/mL (28.5 μM) of 

pravastatin or vehicle-control (H2O) (Yaluri et al., 2016). 

 

 

4.3. PROTEIN DETECTION AND QUANTIFICATION 
 

4.3.1. Western blot analysis (I, II, III) 
 

Table 1. List of primary antibodies used in western blotting. 

Protein Antibody Origin and class Dilution Manufacturer Study 
p-AKT (Ser473) #9271 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 

p-AKT (Thr308) #9275 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ II, III 
Total AKT #9272 rabbit, polyclonal 1:2000 Cell Signaling TechnologyÒ I, II, III 

p-GSK3b (Ser9) #9336 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 

Total GSK3b #9315 rabbit, monoclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 
p-AS160 (Thr642) #4288 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 
Total AS160 #2447 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 

p-AMPKa (Thr172) 07-626 rabbit, polyclonal 1:1000 Upstate I, II, III 

Total AMPK #2532 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I, II, III 
p-JNK (Thr183/Tyr185) #9251 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I 
Total JNK #9252 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ I 

p-PERK (Thr981) sc-32577 rabbit, polyclonal 1:500 Santa Cruz Biotechnology I 
Total PERK #3192 rabbit, monoclonal 1:1000 Cell Signaling TechnologyÒ I 
p-FAK (Tyr397) #8556 rabbit, monoclonal 1:1000 Cell Signaling TechnologyÒ III 
p-FAK (Tyr576/577) #3281 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ III 

Total FAK #AHO0502 rabbit, polyclonal 1:1000 Invitrogen III 
p-eIF4E (Ser209) #9741 rabbit, polyclonal 1:1000 Cell Signaling TechnologyÒ III 
Total eIF4E #2067 rabbit, monoclonal 1:2000 Cell Signaling TechnologyÒ III 

p-MNK2 (Thr249) #PA5-105902 rabbit, polyclonal 1:1000 Invitrogen III 

 

 

Protein samples for western blot analysis were prepared, as described (Study I, II, III). 

Briefly, pretreated myotubes, with or without 100 nM insulin-stimulation for 10 min, were 



 

46  

lysed in ice-cold NP40-lysis buffer pH 7.7 (10 mM Tris, 150 mM NaCl, 7 mM EDTA, and 

0.5% nonionic detergent NP40) supplemented with protease and phosphatase inhibitors. 

Protein concentration was determined with the BCA Protein Assay kit. Proteins were 

separated by SDS-PAGE, electroblotted on PVDF membrane, and blocked with 5% milk-

TBST. Proteins were detected from the membranes with primary antibodies (Table 1), 

which were probed with HRP-conjugated anti-mouse or anti-rabbit secondary antibodies. 

Visualization of the enhanced chemiluminescence was performed using radiograph films 

or the ChemiDoc Touch imaging system (Bio-Rad). Signal intensities were quantified 

using Fiji software (30) or Image Lab 5.1 software (Bio-Rad). The signal intensity of the 

phosphorylated proteins was normalized to the intensity of their corresponding total protein 

unless otherwise mentioned. Data were normalized to the basal or insulin-stimulated 

control sample of each subject. 

 

4.3.2. Protein-lipid interaction (PIP-binding) (III) 
 

Variant (Thr50) and wild-type (Pro50) forms of AKT2-PH domain were recombinantly 

produced in E.Coli bacterial cells transformed with commercial synthetic expression 

vectors containing DNA sequences for amino acids 1-111 of human PH domain of AKT2, 

as described (Study III). The recombinant DNA sequences were pre-cloned to the pGEX-

4T-1 vector containing the GST-tag creating the C-terminal fusion partner with the AKT-

PH domain. Expression vectors were transformed into Rosetta DE3 competent E. Coli cells 

to produce recombinant proteins, which were then purified with Glutathione 

SepharoseÔ4B using chromatography columns. Fusion proteins were eluted with buffer 

containing 10 mmol/l L-Glutathione and 50 mmol/l Tris pH 8.0. The binding of the variant 

AKT2-PHD/Thr50 and wild-type AKT2-PHD/Pro50 to PI(3,4,5)P3 was assayed using PIP 

Strips™ Membranes (ThermoFisher) according to manufacturer¢s protocol. 

 

The amino acid sequences used in the production of recombinant AKT2-PH domains NP_001617.1. 

Variant (AKT2-T50): 
mnevsvikegwlhkrgeyiktwrpryfllksdgsfigykerpeapdqtl[t]plnnfsvaecqlmkterprpn
tfvirclqwttviertfhvdspdereewmraiqmvanslk 
 
Control (wild type, AKT2-P50): 
mnevsvikegwlhkrgeyiktwrpryfllksdgsfigykerpeapdqtl[p]plnnfsvaecqlmkterprpn
tfvirclqwttviertfhvdspdereewmraiqmvanslk 

 



 

47  

4.3.3. Kinase activity profiling (PamGeneÒ) (III) 
 

Global muscle cell protein tyrosine (PTK) and serine-threonine (STK) kinase activities 

were detected using the PamGene® kinome array system (‘s-Hertogenbosch, The 

Netherlands) according to the manufacturer’s protocol, and as described (Study III). The 

system utilizes array chips containing immobilized peptide substrates with phosphosites for 

196 PTKs and 144 STKs, which represent the targets for active kinases in the cell lysate. 

Sample preparation: Differentiated myotubes from p.P50T/AKT2 variant carriers (n=9) 

and controls (n=8) were serum-starved overnight, stimulated with 100 nM insulin for 10 

min, and lysed with M-PER lysis buffer supplemented with Halt Protease and Phosphatase 

Inhibitor Cocktail (ThermoFisher ScientificÔ, Darmstadt, DE). Cell protein lysates were 

snap-frozen in order to maintain the kinase activities in subsequent assays. 

Kinase arrays: Array chips were blocked with BSA and thawn protein lysates were added 

immediately together with a reagent mix containing ATP and fluorescent phospho-specific 

antibodies (PamGene®). Fluorescence signals were captured as images using the PamGene 

instrument and data were quantified and analyzed using the BioNavigator software 

(PamGene®). 

Analysis of the peptides: The log2 fold change (LFC) was calculated for peptides that 

passed the quality control (QC) and was used to analyze the differential phosphorylation 

with variant carrier p.P50T/AKT2 and control samples. Statistical significance was tested 

using unpaired t-tests and p-values < 0.05 were considered as a significant change between 

the genotypes. Results are presented as heatmaps and volcano plots. 

Upstream kinase analysis: QC-passed phosphopeptides were mapped for putative 

upstream kinases predicted in silico using the Upstream Kinase Analysis functional scoring 

tool integrated into BioNavigator (PamGene® International), which combines in silico 

Kinexus database (Safaei et al., 2011) along with 5 other empirical databases: Human 

Protein Reference Database (Prasad et al., 2009), PhosphoSitePlus (Hornbeck et al., 2012), 

UniProt (UniProt, 2008), Reactome (Croft et al., 2011), and PhosphoELM (Dinkel et al., 

2011). Permutation analyses resulted in a specificity score (mapping of peptides to kinases) 

and a significance score (difference between the genotypes) for each kinase. Based on the 

combined scores (specificity + significance scores), an arbitrary threshold of median final 

score 1.2 was applied. 
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4.4. GLUCOSE METABOLISM 
 

4.4.1. Glucose uptake (I, II, III) 
 

Glucose uptake was assayed in triplicate by measuring the intracellular accumulation of 

[3H]-2-Deoxy-D-glucose (final specific activity 100 mCi/mmol), as described (Study I, II, 

III). Briefly, myotubes were stimulated with or without insulin for 1 h, following the 

addition of radioactive glucose analog for 20 min. Ice-cold PBS was used to stop the 

glucose uptake, and the cells were lysed with 0.4 M NaOH. Radioactivity as counts per 

minute (CPM) was measured with a scintillation counter. Glucose uptake in the presence 

of cytochalasin B (50 µmol/l) was used to subtract the non-specific glucose uptake (Al-

Khalili et al., 2003). Values were adjusted to protein concentration measured with the BCA 

assay. Data (in pmol/mg protein/min) were normalized to the basal or insulin-stimulated 

control sample of each subject. 

 

4.4.2. Glucose incorporation into glycogen (glycogen synthesis) (II, III) 
 

Glycogen synthesis was assayed in triplicate by measuring D-[14C]-glucose (final specific 

activity 0.18 µCi/µmol) incorporation into glycogen, as described (Study II, III). Briefly, 

myotubes were stimulated with or without insulin together with radioactive glucose for 90 

min. Ice-cold PBS was used to stop the reaction and the cells were lysed in 0.03% SDS. 

Glycogen was extracted by boiling 30 min at +100°C together with 2.5 mg/ml glycogen 

carrier, precipitated with 94% ethanol followed by overnight incubation at -20°C. 

Precipitated glycogen was resolved in H2O, and radioactivity as disintegration per minute 

(DPM) was detected with a scintillation counter. Values were adjusted to protein 

concentration measured with BCA assay. Data (in nmol/g/h) were normalized to the basal 

or insulin-stimulated control sample of each subject. 

 

4.4.3. Glycolysis (II, III) 
 

Glycolysis was determined with Seahorse XFe96 analyzer (Agilent Technologies, CA, 

USA) in undifferentiated myoblasts under basal conditions using the XF Glycolysis Stress 

Test kit, as described (Study II), or in differentiated myotubes under basal and insulin-
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stimulated conditions using XF Glycolytic Rate Assay kit, as described (Study III). The 

assays were performed according to the manufacturer’s protocols and carried out in a CO2-

free incubator. Raw data were normalized to nuclei count measured with fluorescent 

nuclear stain Hoechst 33342 (Study II) or to protein concentration measured with Pierce 

BCA Protein Assay kit (Study III). Insulin-stimulated data were expressed as a fold-over 

basal sample of each subject (Study III). 

 

 

4.5. MITOCHONDRIAL METABOLISM 
 

4.5.1. ROS production (I) 
 

Mitochondrial ROS levels were measured, as described (Study I). Briefly, the differentiated 

and fatty acid-pretreated myotubes were incubated for 45 min with fluorescent dye 

MitoSOX (Molecular Probes, Invitrogen), which is a commonly used dye for detecting 

mitochondrial ROS production (Kauffman et al., 2016). The myotubes were carefully 

trypsinized and resuspended in Normal Tyrode’s solution (140 mM NaCl, 5 mM KCl, 1.5 

mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 5 mM D-glucose, pH 7.4) for measurement of 

fluorescent intensity with the BD Accuri C6 flow cytometer (BD Biosciences, San Jose, 

CA, USA). The dye was excited at 488 nm wavelength, and fluorescent emission was 

collected through the FL3 channel. 

 

4.5.2. Respiration (II) 
 

Mitochondrial respiration was analyzed by measuring oxygen consumption rate (OCR) 

with Seahorse XFe96 analyzer in undifferentiated myoblasts under basal conditions by 

using XF Mito Stress Test Kit, as described (Study II). The assay was performed according 

to the manufacturer’s protocols and carried out in CO2-free +37°C incubator. Raw data 

were normalized to nuclei count measured with fluorescent nuclear stain Hoechst 33342. 
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4.6. CELL TOXICITY AND PROLIFERATION ASSAYS (II, III) 
 

WST-1 assay kit was used to determine the cell toxicity to lactone- and acid-form 

simvastatin, or pravastatin (study II); or to determine cell proliferation (study III) of non-

differentiated myoblasts. The assay was performed according to the manufacturer’s 

instructions (Takara, 2016). This colorimetric assay is based on the cleavage of the water-

soluble tetrazolium salt (WST-1) to formazan dye by the mitochondrial dehydrogenase in 

viable cells. In brief, when cell toxicity was assayed (study II), 15 000 cells/well were 

seeded on 96-well cell culture plates the day before the start of dose-dependent statin pre-

treatment, and the cells were followed 48 h after the addition of statins. When the effect of 

genotype on cell proliferation was assayed (study III), 2000 cells/well were seeded on five 

96-well plates (one plate/timepoint) the day before the first assay time point (Day 0). The 

proliferation rate was followed up to 6 days. Activity of mitochondrial dehydrogenase in 

viable cells was measured by adding ready-to-use Premix WST-1 reagent and incubating 

at +37°C for 3 h. Absorbance was measured at 450 nm from which the background at 620 

nm was subtracted. 

 

 

4.7. STATISTICAL ANALYSES (I, II, III) 
 

Data are presented as mean ± S.E.M. Statistical analyses were performed using GraphPad 

Prism (version 6.0h for Mac OS X). One- and two-way ANOVAs with or without repeated 

measures, followed by Sidak’s post hoc test for multiple comparisons, were used to analyze 

data. The Student’s t-test was used when mentioned. P < 0.05 was considered statistically 

significant. 
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5. RESULTS and DISCUSSION 
 

Table 2. Characteristics of the participants (mean ± SEM). 

 Study I Study II Study III# 

Number of participants n = 8 n = 14 Controls 
n = 14 

p.P50T/AKT2 
Carriers 
n = 14 

Age (yrs) 55 ± 3 56 ± 3 66 ± 1 61 ± 2 * 

BMI (kg/m2) 23.2 ± 0.7 24.4 ± 0.5 29.3 ± 0.7 28.3 ± 1.0 

Fasting plasma glucose (mmol/l) 5.5 ± 0.2 5.5 ± 0.1 6.1 ± 0.1 6.1 ± 0.1 
Fasting insulin (mU/l)a 5.1 ± 0.7 6.3 ± 0.7 10.4 ± 1.0 17.9 ± 3.1 * 
HOMA-IR 1.3 ± 0.2 1.6 ± 0.2 2.8 ± 0.3 4.9 ± 0.9 * 
In vivo skeletal muscle glucose uptake 
(µmol/kg/min) n/a n/a 29.1 ± 3.9 24.4 ± 3.7 

a Fasting insulin concentration was determined from serum in studies I and II, and from plasma in study 
III 
# Participants from the Metabolic Syndrome in Men (METSIM) study 
* Statistically significant difference compared to controls, p<0.05 
 

 

5.1. The effect of palmitate and oleate on insulin signaling and glucose 
uptake in primary human skeletal muscle cells (Study I) 

 

Excess dietary fat predisposes to ectopic fat storage in the muscle of T2D patients 

(Bandyopadhyay et al., 2006) where it can cause multiple metabolic aberrations. For 

example, mitochondrial fat overload and incomplete oxidation of fatty acids have emerged 

as players in the pathogenesis of skeletal muscle insulin resistance. The prominent theory 

involves excessive b-oxidation, in response to elevated fat intake or obesity, which has 

been suggested to result in partially degraded fatty acids, such as acylcarnitines, or 

increased levels of active lipid metabolites, such as DAG, long-chain fatty acyl-CoAs, or 

ceramides. These molecules may interfere with insulin signaling and glucose metabolism, 

for example, through activation of DAG-sensitive PKC and the subsequent inhibitory 

serine-phosphorylation of IRS-1 (Bandyopadhyay et al., 2006; Koves et al., 2008; Kraegen 

& Cooney, 2008). In a typical Western diet, an increased proportion of saturated fatty acids 

may cause insulin resistance while the unsaturated fatty acids may have a protective effect 

on insulin sensitivity (Vessby et al., 2001). The data regarding the fatty acid-induced 

aberrations in metabolic events in human skeletal muscle is far from complete. Thus, this 
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study aimed to test if insulin resistance induced by saturated fatty acid palmitate (0.4 mM) 

can be ameliorated by concomitant exposure to monounsaturated fatty acid oleate (0.2 mM) 

in primary human skeletal muscle cells. 

 

5.1.1. Palmitate, but not oleate, has an adverse effect on the insulin signaling pathway 
 

Exposure of primary human myotubes to palmitate led to a marked reduction in the 

activation of the insulin signaling pathway, as insulin-stimulated phosphorylations of AKT-

Ser473 and the subsequent downstream targets AS160 and GSK3β were decreased. In 

contrast, oleate did not influence these insulin signaling targets. When the myotubes were 

co-incubated with both palmitate and oleate, the harmful effects induced by palmitate were 

completely prevented (Fig. 4 a, b, c). These findings in human myotubes support evidence 

from other in vitro studies demonstrating that the palmitate-induced reduction of insulin-

stimulated phosphorylation of AKT can be prevented with concomitant exposure to oleate 

(Peng et al., 2011; Yuzefovych et al., 2010). This effect has been suggested to involve the 

inhibition of protein PP2A, a phosphatase that suppresses AKT activation via the direct 

dephosphorylation of the AKT-Thr308 (Nardi et al., 2014). Collectively, the data from our 

and other studies suggest an overall beneficial effect of supplementing monounsaturated 

oleate to cultured cells exposed to saturated fatty acid palmitate (Coll et al., 2008; Gao et 

al., 2009; Peng et al., 2011). 

 
Figure 4. Phosphorylation of A) AKT-Ser473, B) AS160, and C) GSK-3β in human primary myotubes 
incubated with 0.4 mM palmitate (PA), 0.2 mM oleate (OA), or their combination (PA + OA), for 12 h 
and stimulated with or without 100 nM insulin for 10 min. Data are expressed as mean ± SEM from 5 
men. *P < 0.05 compared to insulin-stimulated control, two-way ANOVA with repeated measures, 
Sidak’s post hoc test (A and B), Student’s paired t-test (C). AU, arbitrary units. Reproduced with the 
permission from Endocrine Connections (Mäkinen et al. 2017 Endocr Connect Jul; 6(5):331-339). 
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5.1.2. Both palmitate and oleate reduce glucose uptake 
 

When analyzing if the observed alterations in insulin signaling events were related to 

glucose metabolism, we observed that exposure of myotubes to palmitate or oleate alone, 

or in combination, reduced both basal and insulin-stimulated glucose uptake (Fig. 5). This 

indicates that while oleate protected human muscle cells from palmitate-induced 

aberrations in intracellular signaling, this did not result in protection against metabolic 

insulin resistance. This seemingly contradictory result may be related to the finding that the 

beneficial effect of monounsaturated fat on insulin sensitivity has been lost if the overall 

fat intake has been high (Vessby et al., 2001). 
 

 
Figure 5. Glucose uptake in human primary myotubes incubated with 0.4 mM palmitate (PA), 0.2 mM 
oleate (OA), or their combination, for 12 h before analysis of glucose uptake with or without 100 nM 
insulin. Data (in pmol/mg protein/min) were normalized to insulin-stimulated glucose uptake (control) 
of each subject. Data are expressed as mean ± SEM from 5 men **P < 0.01 vs respective control, two-
way ANOVA with repeated measures, Sidak’s post hoc test. AU, arbitrary units. Reproduced with the 
permission from Endocrine Connections (Mäkinen et al. 2017 Endocr Connect Jul; 6(5):331-339). 
 

 

5.1.3. Palmitate, but not oleate, induces ER stress signaling 
 

Endoplasmic reticulum (ER) stress has been shown to have an impact on the pathogenesis 

of insulin resistance (Ozcan et al., 2004). In our study, palmitate activated ER stress 

signaling in human myotubes, as demonstrated by increased phosphorylation of PERK 

(Fig. 6 a), one of the main initiation factors in the UPR machinery. Palmitate also increased 

the phosphorylation of stress kinase JNK (Fig. 6 b), which is likewise activated via IRE1 

of the UPR pathway (Urano et al., 2000). JNK phosphorylates IRS at residue Ser307, which 

has an inhibitory effect on insulin signaling cascade by blocking PI3K pathway and thus 

contributes to insulin resistance (Aguirre et al., 2000; Hirosumi et al., 2002). When 



 

54  

incubating myotubes concomitantly with palmitate and oleate, the myotubes were protected 

from palmitate-induced activation of ER stress and JNK signaling. This is in accordance 

with studies using rat L6 and mouse C2C12 muscle cells as well as human myogenic cell 

line LHCN-M2, where co-incubation with palmitate and oleate protected cells from ER 

stress (Peng et al., 2011; Salvado et al., 2013). One suggested mechanism relates to the 

partitioning of intracellular lipids, as oleate directs palmitate into the triglyceride pool. This 

reduces cellular active lipid metabolites such as phospholipids, DAG, or ceramide (Coll et 

al., 2008; Listenberger et al., 2003; Peng et al., 2011). 

 

Palmitate-induced activation of ER stress markers is prevented by activators of AMPK, 

such as AICAR and A-769662. On the other hand, AMPK inhibitor Compound C or 

expression of mutated AMPK prevents the beneficial effects of oleate on palmitate-induced 

ER stress, inflammation, and insulin resistance (Salvado et al., 2013). These findings 

suggest that the protective effects of oleate may be mediated by AMPK. We observed 

increased phosphorylation of AMPK in myotubes co-incubated with palmitate and oleate 

(Fig. 6 c). Activation of AMPK increases fatty acid oxidation to increase ATP production 

in the skeletal muscle (Lee et al., 2006). Our results reflect those of Watt et al (2009), who 

observed that increasing fatty acid availability increases AMPK activity in rat L6 myotubes 

(Watt et al., 2006). 

 

 
Figure 6. Phosphorylation of A) PERK, B) JNK and C) AMPK in human primary myotubes incubated 
with 0.4 mM palmitate (PA), 0.2 mM oleate (OA) or their combination (PA + OA), for 12 h and 
stimulated with or without 100 nM insulin for 10 min. Data are expressed as mean ± SEM from 4 (A, 
B) and 5 (C) men. **P < 0.01 and ***P < 0.001 compared to respective control, two-way ANOVA with 
repeated measures, Sidak’s post hoc test. AU, arbitrary units. Reproduced with the permission from 
Endocrine Connections (Mäkinen et al. 2017 Endocr Connect Jul; 6(5):331-339). 
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5.1.4. Co-incubation with palmitate and oleate induces mitochondrial ROS 
production 

 

Since fatty acid metabolism leads to mitochondrial ROS production (Seifert et al., 2010), 

we analyzed if the development of insulin resistance is related to ROS, a natural by-product 

of mitochondrial beta-oxidation (Checa & Aran, 2020). We detected significantly increased 

ROS production in cells exposed to the combination of palmitate and oleate, but not with 

palmitate or oleate alone (Fig. 7 a). This is probably a result of overall exposure to higher 

doses of fatty acids, which in our experiment comprised of both palmitate and oleate. Other 

studies have demonstrated a protective effect of oleate on palmitate-induced ROS 

production (Lee et al., 2017; Nisr et al., 2020). However, in those studies, higher doses of 

oleate (>0.4 mM) and longer incubation times (16-30 h) were used to show the pronounced 

effect in rat L6 or mouse C2C12 myotubes.  

 

As increased ROS can be ameliorated by antioxidants (Anderson et al., 2009), we analyzed 

if glucose uptake in myotubes exposed to fatty acids can be restored by using 

mitochondrial-targeted antioxidant MitoTempo and a small molecule cell-permeable SOD 

(superoxide dismutase) mimetic Tempol. Concomitant incubation with MitoTempo or 

Tempol restored, and even enhanced (MitoTempo), basal and insulin-stimulated glucose 

uptake in myotubes exposed to a combination of palmitate and oleate (Fig. 7 b, c). Exposure 

to either antioxidant alone led to enhanced basal and insulin-stimulated glucose uptake in 

untreated cells. These data are in agreement with previous findings demonstrating that 

overall excess fatty acid intake leads to enhanced mitochondrial ROS production and 

insulin resistance, which can be overcome by mitochondrial-targeted antioxidants  

(Anderson et al., 2009). 
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Figure 7. A) Mitochondrial ROS production in human primary myotubes incubated with 0.4 mM 
palmitate  (PA), 0.2 mM oleate (OA), or their combination for 12 h. Mitochondrial ROS production was 
determined, as described in the “Materials and methods” section. Data are expressed as mean ± SEM 
from 5 men. *P < 0.05 compared to Control, one-way ANOVA with repeated measures, Sidak’s post 
hoc test. Glucose uptake with B) MitoTempo (MT) or C) Tempol (Tem). Human primary myotubes 
were incubated for 12 h with a combination of 0.4 mM PA and 0.2 mM OA, with or without 50 μM MT 
(B) or 0.5 mM Tem (C), before the analysis of glucose uptake with or without 100 nM insulin. Data are 
expressed as mean ± SEM from 6 men. *P < 0.05, **P < 0.01 and ***P < 0.001 vs respective control, 
two-way ANOVA with repeated measures, Sidak’s post hoc test. AU, arbitrary units. Reproduced with 
the permission from Endocrine Connections (Mäkinen et al. 2017 Endocr Connect Jul; 6(5):331-339). 
 

 

Our results support the notion that different fatty acids are not alike. This was apparent in 

our study in human myotubes where the effects of palmitate and oleate on the insulin 

signaling pathway diverged. Palmitate impaired, while concomitant exposure to oleate 

restored insulin signaling. Yet, co-exposure to oleate did not result in protection against 

metabolic insulin resistance induced by palmitate. These variable effects may be related to 

the differential routing of fatty acids, and therefore, the variable metabolic impact of fatty 

acids. For example, in a clinical overfeeding experiment, overconsumption of saturated 

fatty acids increases hepatic and visceral fat storage more than overconsumption of 

polyunsaturated fatty acids (PUFAs), despite similar weight gain (Rosqvist et al., 2014). 

Furthermore, a diet rich in PUFAs diminishes hepatic fat content and may improve insulin 

resistance in viscerally obese people (Bjermo et al., 2012). Overall, our findings fit with 

the emerging concept that in a situation when energy intake exceeds the energy demand, 

cells respond with the development of insulin resistance (Muoio & Neufer, 2012). 

Therefore, calorie restriction and interventions to increase energy expenditure, such as 

exercise, remain the cornerstone in the treatment of insulin resistance, obesity, and T2D. 

 

 

5.2. The metabolic effects of lactone- and acid-forms of simvastatin in 
primary human skeletal muscle cells (Study II) 

 
Statins are widely used to lower plasma cholesterol levels. They act by inhibiting the 

mevalonate pathway and cholesterol synthesis (Ryan et al., 2018; Spector & Snapinn, 

2011). Recent clinical and cell-based studies have demonstrated that statin therapy 

increases the risk for T2D (Kain et al., 2015; Rajpathak et al., 2009; Sattar et al., 2010). 
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Statins affect glucose metabolism for example by decreasing insulin secretion and whole-

body insulin sensitivity (Cederberg et al., 2015) as well as leading to higher fasting glucose 

concentrations (Sukhija et al., 2009). These data suggest that statin exposure leads to insulin 

resistance in skeletal muscle. However, the molecular mechanism of how statins affect 

insulin sensitivity in skeletal muscle is not completely understood. Suggested mechanism 

for adverse muscle effects is the lipophilic nature of certain statins, which allow these to 

diffuse passively and non-selectively into non-hepatic tissues such as skeletal muscle. In 

contrast, hydrophilic statins require carrier-mediated uptake into the liver (Neuvonen et al., 

2006). Hydrophilic statins, such as pravastatin, have been shown to cause less muscle 

symptoms (Bruckert et al., 2005) and the diabetogenic effect of pravastatin has also been 

far less compared to other statins (Navarese et al., 2013). Moreover, the formulation of 

statins may also play a role. As statins can be given either in active acid-form or inactive 

lactone-form, which is then converted to acid-form in the body (Lennernas & Fager, 1997). 

Highly lipophilic simvastatin, which is administered as lactone-form, has been shown to 

promote myotoxicity more than acid-form (Skottheim et al., 2008) and to induce insulin 

resistance in rodent skeletal muscle (Li et al., 2016; Yaluri et al., 2016). 

 

Simvastatin treatment has been reported to reduce basal glucose uptake in the primary 

human skeletal myotubes (Smith et al., 2014). To the best of our knowledge, the effects of 

lactone- and acid-form simvastatin on insulin-stimulated glucose metabolism or 

mitochondrial function have not previously been reported in primary human skeletal 

muscle cells. Thus, we aimed to explore the effects of lactone- and acid-form simvastatin 

(6 µg/ml = 14.3 µM) on glucose metabolism and insulin signaling events as well as 

mitochondrial energy production in primary human skeletal muscle cells when exposed to 

simvastatin. The simvastatin concentration was chosen based on other in vitro studies 

(Schirris et al., 2015; Skottheim et al., 2008; Yaluri et al., 2016). As the skeletal muscle is 

the major tissue involved in the whole-body glucose utilization, any changes caused by 

simvastatin in human myotubes may provide insights into the cellular mechanisms 

contributing to the adverse effects of statins. 
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5.2.1. Lactone- and acid-forms of simvastatin exert differential effects on non-
oxidative glucose metabolism 

 

Glucose uptake and its incorporation into glycogen were detected with radioactive glucose 

tracers. Exposure of primary human myotubes to lactone-form simvastatin led to a 

significant increase in basal and insulin-stimulated glucose uptake (Fig. 8 a). This outcome 

was unexpected and in contradiction with other studies using rat L6 or mouse C2C12 

myotubes, where both basal and insulin-stimulated glucose uptake were reduced by 

lactone-form simvastatin (Li et al., 2016; Yaluri et al., 2016). Consistent with the observed 

activation of glucose uptake, we also observed increased glucose incorporation into 

glycogen with lactone-form simvastatin (Fig. 8 c), although in the basal condition this did 

not reach statistical significance (p=0.0606). While there may be differences in metabolic 

responses between rodent-derived and human muscle cells, simvastatin has also been 

reported to reduce basal glucose uptake in the human myotubes (Smith et al., 2014). The 

reason for these apparently contradictory results is not obvious. 

 

In contrast to lactone-form simvastatin, exposure to acid-form simvastatin did not affect 

glucose uptake (Fig. 8 b). This finding was contrary to the previous report showing reduced 

basal glucose uptake in human muscle cells when exposed to acid-form simvastatin (Nowis 

et al., 2014). This discrepancy may be due to different methods in assaying the glucose 

uptake and the use of commercial human skeletal muscle cell lines (SkMc and HMSS) by 

Nowis et al. (Nowis et al., 2014). In our study model, the use of primary muscle cells 

originating from several individuals elicited variability in physiological responses. 

However, we observed a significant reduction in basal and insulin-stimulated glucose 

incorporation into glycogen by acid-form simvastatin (Fig. 8 d). The inhibition of glycogen 

synthesis by active acid-form simvastatin may contribute to impaired insulin sensitivity 

observed in vivo in humans with simvastatin treatment (Cederberg et al., 2015). Taken 

together, our data suggest different effects on glucose metabolism with acid- and lactone-

form simvastatin during 48 h exposure. As the hydrophilic pravastatin has been observed 

to have a less diabetogenic effect than simvastatin (Navarese et al., 2013), we also tested if 

pravastatin has an impact on glucose uptake. Exposure of myotubes to pravastatin (13 

µg/ml = 28.5 µM) for 48 h did not affect glucose uptake or insulin-stimulated glycogen 

synthesis (Supplementary Figure 1 in publication II), which strengthens our observations 

with simvastatin. 
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Figure 8. Glucose uptake (a and b) and glucose incorporation into glycogen (cand d) were measured 
in basal or insulin-stimulated conditions using radioactive tracers. Primary human myotubes were pre-
exposed to lactone-form (a, c) or acid-form (b, d) simvastatin for 48 h before metabolic measurements. 
Glucose uptake data (in pmol/mg/min) are expressed as mean ± SEM from 11 (lactone) and 9 (acid) 
men. Glycogen synthesis data (in nmol/g/h) are expressed as mean ± SEM from five (for both lactone 
and acid) men. *P < 0.05 and ****P < 0.0001 vs. respective control, two-way ANOVA with repeated 
measures, Sidak’s post hoc test, AU = arbitrary units. Reproduced with the permission from Endocrine 
Connections (Mäkinen et al. 2020 Endocr Connect Nov; 9(11):1103-1113). 
 

 

5.2.2. Lactone-form simvastatin shows a slightly more detrimental effect on the 
insulin signaling pathway than acid-form simvastatin 

 

To investigate if the observed effects of simvastatin on metabolism are reflected in 

signaling events, the activation of the insulin signaling pathway was investigated with 

western blotting. Lactone-form simvastatin led to a reduction in insulin-stimulated 

phosphorylation of AKT-Thr308 and AKT-Ser473 (latter with borderline significance 

p=0.0590) (Fig. 9 b, a). Interestingly, the insulin-stimulated phosphorylation of AKT`s 

downstream substrates, AS160 (Fig. 9 c) and GSK3β (Fig. 9 d), were increased, reflecting 
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the observed actions of lactone-form simvastatin on glucose metabolism. As the activation 

of AKT was reduced, these data suggest AKT-independent phosphorylation of AS160 and 

GSK3β when the myotubes were exposed to lactone-form simvastatin. Contrary to lactone-

form, exposure to acid-form simvastatin led to reduced insulin-stimulated phosphorylation 

of AKT-Thr308 (Fig. 9 f) but had no significant effect on other insulin signaling targets 

AKT-Ser473 (Fig. 9 e), AS160 (Fig. 9 g), or GSK3β (Fig. 9 h). Earlier reports have shown 

reduced insulin signaling at the level of AKT/AS160/GSK3β signaling both with lactone- 

and acid-form simvastatin in in vitro and in vivo rodent models (Bonifacio et al., 2015; 

Mullen et al., 2011; Sanvee, Panajatovic, et al., 2019; Yaluri et al., 2016). The contradicting 

results observed in our study may indicate that human and animal skeletal muscle models 

show differential responses to simvastatin exposure. Nevertheless, the main conclusion of 

our analysis is that lactone-form simvastatin shows a more detrimental effect on the insulin 

signaling pathway than acid-form simvastatin. 
 

 

Figure 9. Western blot analysis of the insulin signaling pathway in primary human myotubes pre-
exposed to lactone- (a, b, c, and d) and acid-form (e, f, g, and h) simvastatin, with or without 100 nM 
insulin. Representative blots and quantification of pAKT-Ser473 (a, e), pAKT-Thr308 (b, f), pAS160-
Thr642 (c, g), and pGSK3β-Ser9 (d, h), and of their respective total proteins. Data are expressed as mean 
± SEM from five men, except n=9 for pAS160-Thr642 (c) and n=7 for pGSK3β-Ser9 (d) in the lactone-
treated group. *P < 0.05 and **P <0.01 vs respective control, two-way ANOVA with repeated measures, 
Sidak’s post hoc test, AU = arbitrary units. Reproduced with the permission from Endocrine 
Connections (Mäkinen et al. 2020 Endocr Connect Nov; 9(11):1103-1113). 
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5.2.3. Both lactone- and acid-form simvastatin reduce glycolysis and mitochondrial 
respiration 

 

Next, we determined the rate of glycolysis and mitochondrial respiration in undifferentiated 

human primary myoblasts using an Agilent Seahorse real-time flux analyzer. Exposure of 

the myoblasts either to lactone- or acid-form simvastatin for 48 h led to a profound 

reduction in both glycolysis and glycolytic capacity (Fig. 10), indicating that the 

simvastatin-treated cells are incapable of catabolizing glucose in a normal fashion. These 

findings are consistent with those of Kuzyk et al (2020), who showed a simvastatin-induced 

reduction in glycolysis and glycolytic capacity in neuroblastoma cells (Kuzyk et al., 2020). 

 

 
 
Figure 10. Glycolysis and glycolytic capacity (indicated by extracellular acidification rate (ECAR)) 
were studied with Seahorse analyzer in primary human myoblasts exposed to lactone- or acid-form 
simvastatin. Data (in mpH/min/20.000 cells) are expressed as mean ± SEM from six men. ***P < 0.001 
vs respective control, one-way ANOVA with repeated measures, Sidak’s post hoc test. Reproduced with 
permission from Endocrine Connections (Mäkinen et al. 2020 Endocr Connect Nov; 9(11):1103-1113 
and ERRATUM: Mäkinen et al. 2022 Endocr Connect Jul; 11:7:x200444). 
 

Statins have also been associated with impaired mitochondrial function in several studies 

(Kwak et al., 2012; Mullen et al., 2011; Sanvee, Bouitbir, et al., 2019). Especially lactone-

form statins, including simvastatin, have been shown to be more toxic to the cells and to 

reduce mitochondrial respiration and ATP production rate when compared to their 

corresponding acid-forms (Schirris et al., 2015). On the other hand, reduced ATP content 

has also been reported in mouse C2C12 myotubes exposed to acid-form simvastatin 

(Sanvee, Bouitbir, et al., 2019). These earlier studies are broadly in agreement with the 
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findings of our study, as the exposure to both lactone and acid-form of simvastatin led to 

decreased mitochondrial oxygen consumption and ATP production (Fig. 11). Taken 

together, our findings are in line with the idea of the overall negative impact of statins on 

mitochondrial function. 

 

 
Figure 11. Mitochondrial respiration and ATP production (indicated as oxygen consumption rate 
(OCR)) were studied with Seahorse analyzer in primary human myoblasts exposed to lactone- and acid-
form simvastatin. Data (in pmol/min/20.000 cells) are expressed as mean ± SEM from four men. **P < 
0.01, ***P < 0.001 and ****P < 0.0001 vs respective control, one-way ANOVA with repeated 
measures, Sidak’s post hoc test. Reproduced with the permission from Endocrine Connections (Mäkinen 
et al. 2020 Endocr Connect Nov; 9(11):1103-1113). 
 

 

5.2.4. Exposure to lactone-form simvastatin increases phosphorylation of AMPK 
 

As the inhibition of mitochondrial ATP production and subsequent increase in cellular 

AMP to ATP ratio leads to activation of AMPK, a sensor of cellular energy status (Towler 

& Hardie, 2007), we analyzed the phosphorylation of AMPK. Lactone-form simvastatin 

led to a significant increase in the phosphorylation of AMPK-Thr172 both at basal and 

insulin-stimulated conditions (Fig. 12 a), while acid-form simvastatin did not affect AMPK 

phosphorylation (Fig. 12 b). These differential effects may be related to the more profound 

inhibition of mitochondrial respiration and ATP production with lactone-form simvastatin 

as observed by Schirris et al (2015) (Schirris et al., 2015), which then triggers the activation 

of AMPK. 
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Figure 12. Western blot analysis of the activation of AMPK in primary human myotubes pre-exposed 
to lactone- (a) and acid-form simvastatin (b). The representative blots and quantification of 
phosphorylated AMPK-Thr172 and total AMPK. Data are expressed as mean ± SEM from nine (lactone) 
and five (acid) men, **P < 0.01 vs respective control, two-way ANOVA with repeated measures, 
Sidak’s post hoc test, AU = arbitrary units. Reproduced with the permission from Endocrine 
Connections (Mäkinen et al. 2020 Endocr Connect Nov; 9(11):1103-1113). 
 

 

Although both simvastatin forms diminished mitochondrial respiration and ATP 

production, it is possible that the differences in their inhibitory actions may not have been 

revealed by our experimental setup. AMPK directly phosphorylates AS160 (Sakamoto & 

Holman, 2008; Treebak et al., 2006) and increases glucose uptake in an insulin-independent 

manner (Hilder et al., 2005). We observed increased phosphorylation of AS160 in 

myotubes exposed to lactone-form simvastatin which may have been AMPK-mediated, as 

the activation of AKT was blunted. Therefore, the observed increase in glucose uptake in 

response to lactone-form simvastatin may be a consequence of increased cellular stress and 

AMPK activation. As glucose uptake was increased and glucose oxidation reduced, 

intracellular glucose fluxes were directed towards non-oxidative glucose disposal 

(=glycogen storage). The increased glucose incorporation into glycogen is most likely 

facilitated by GSK3β, whose phosphorylation was elevated in myotubes treated with 

lactone-form simvastatin. As the activation of AKT was reduced, the possible kinase for 

enhancing GSK3β phosphorylation might be for example PKC, especially its alfa-, beta- 

and gamma-isoforms, which are known to phosphorylate GSK3β (Dekker & Parker, 1994; 

Goode et al., 1992). 
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5.2.5. The cell toxicity of the statins 
 

The cell toxicity in response to simvastatin (both lactone- and acid-forms) as well as 

pravastatin (acid-form) was determined with the colorimetric WST-1 assay. These data are 

presented (Fig. 13). The WST-1 assay measures the color formation in the reaction 

catalysed by the mitochondrial succinate dehydrogenase, and thus reflects the presence of 

viable cells. More intense color is reflected by higher absorbance, which is directly related 

to the number of metabolically active cells. Conversely, when absorbance is lower, the 

number of viable cells is reduced.  The exposure to highest dose of lactone-form simvastatin 

(60 µg/ml) resulted in significantly lower absorbance, suggesting a significantly reduced 

number of viable cells. Exposure of cells to acid-form simvastatin or pravastatin had no 

significant effect on absorbance. These data indicate that high concentrations of lactone-

form simvastatin elicit a cytotoxic response in primary human muscle cells. This is in 

agreement with myotoxicity observed especially with lipophilic, lactone-form statins 

(Skottheim et al., 2008; Ward et al., 2019).  

 

 
Figure 13. Cell toxicity was determined with the colorimetric WST-1 assay.  Primary human myoblasts 
were exposed to 0 (control), 0.6, 6.0, or 60 µg/ml of lactone- (a) or acid-form simvastatin (b); or to 0 
(control), 13, 26, or 65 µg/ml of pravastatin for 48 h. Absorbance is expressed relative to control. Data 
are expressed as mean ± SEM of muscle cells from four men. **** p<0.0001 vs control, one-way 
ANOVA with repeated measures, Sidak’s post hoc test, AU=arbitrary units. 
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protein degradation and apoptosis, as well as mitochondrial dysfunction (Bonifacio et al., 

2015; Mullen et al., 2011; Sanvee, Bouitbir, et al., 2019). These studies were using 

simvastatin in its active acid-form. As Skottheim et al (2007) showed a more prominent 

myotoxic effect with lactone-form statins in human skeletal muscle, it could be anticipated 

that these different statin forms may also contribute differently to glucose metabolism. 

Indeed, the results of our study indicate that lactone- and acid-form simvastatin show 

differential effects on non-oxidative glucose metabolism (glucose storage); lactone-form 

increased and acid-form impaired glycogen synthesis, suggesting impaired insulin 

sensitivity in response to acid-form simvastatin. However, a similar inhibitory effect on 

oxidative glucose metabolism (glycolysis) and energy production was demonstrated with 

both simvastatin forms. Taken together, these effects may contribute to an increased risk 

of myotoxicity and T2D that has been observed with simvastatin use (Bruckert et al., 2005; 

Cederberg et al., 2015). 

 

A schematic illustration of the glucose metabolism and signaling events in primary human 

skeletal myotubes treated with lactone-form simvastatin is given below (Fig. 14). 

 
Figure 14. Schematic presentation of the effects of lactone-form simvastatin on glucose metabolism and 
signaling events in primary human skeletal muscle cells. Down- and upregulated events are indicated in 
red and green colors, respectively. The dashed line indicates the metabolic action. AKT = protein kinase 
B; AMPK = AMP-activated protein kinase; AS160 = AKT-substrate 160 kDa; ATP = adenosine 
triphosphate; GLUT4 = glucose transporter 4; GSK3β = glycogen synthase kinase 3β. Reproduced with 
the permission from Endocrine Connections (Mäkinen et al. 2020 Endocr Connect Nov; 9(11):1103-
1113). 
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5.3. The effect of Finnish-specific AKT2 gene variant on glucose 
metabolism and insulin signaling (Study III) 

 
To date, an abundance of different gene variants contributing to the risk of T2D has been 

identified (Cai et al., 2020; Mahajan et al., 2018; Vujkovic et al., 2020). Most of these 

variants affect insulin secretion, but some variants contribute to insulin resistance 

(Honardoost et al., 2014; Manning et al., 2012). One example of a gene, whose genetic 

variants are associated with insulin resistance, is AKT which encodes the key kinase in the 

insulin signaling pathway. The major isoform, AKT2, is essential for insulin action on 

glucose metabolism in the human myotubes (Bouzakri et al., 2006). Studies on rare AKT2 

variants have highlighted the role of AKT2 in metabolic regulation. The inactivating AKT2 

variant leads to severe insulin resistance and lipodystrophy (Stella George et al., 2004), 

whereas activating AKT2 variants lead to hypoglycemia (Arya et al., 2014; Hussain et al., 

2011). A missense variant of p.P50T/AKT2 is associated with higher fasting insulin 

concentrations, insulin resistance, and predisposition to T2D (Latva-Rasku et al., 2018; 

Manning et al., 2017). This variant is specific in the Finnish population (MAF = 1.1%) and 

is very rare in other ancestries. Gene variant leads to amino acid substitution from proline 

(P) to threonine (T) at position 50, which lies within the PH domain of the AKT2 protein. 

Variant AKT2 has a partial loss of function, as the activation sites of AKT2 (Ser473/Thr308) 

are less phosphorylated and the capability of AKT2 to phosphorylate the downstream target 

GSK3b is partially impaired under insulin-stimulation in HeLa cells expressing the variant 

(Manning et al., 2017). In addition, [18F]-FDG-PET analysis of tissue-specific glucose 

uptake in nondiabetic men with p.P50T/AKT2 gene variant revealed reduced insulin-

stimulated glucose uptake in multiple tissues including skeletal muscle (Latva-Rasku et al., 

2018). This study aimed to explore the metabolic and signaling events in primary human 

skeletal muscle cells in vitro, that may contribute to the development of insulin resistance 

observed in vivo in men carrying Finnish-specific p.P50T/AKT2 gene variant. 

 

5.3.1. Participants carrying p.P50T/AKT2 gene variant 
 

We established primary muscle cell cultures from 14 male carriers of the p.P50T/AKT2 

gene variant and 14 controls from the METSIM-study (Laakso et al., 2017; Latva-Rasku et 

al., 2018) (Table 2). Clinical characterization revealed that there was no difference in BMI, 
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fasting plasma glucose concentrations, or in vivo -measured insulin-stimulated skeletal 

muscle glucose uptake between the genotypes. The latter is in contrast to the original PET 

study (Latva-Rasku et al., 2018), showing significantly reduced in vivo skeletal muscle 

glucose uptake in variant carriers. However, in some of our experiments, where muscle 

cells from a subset of participants were used, in vivo insulin-stimulated skeletal muscle 

glucose uptake was reduced in variant carriers (Publication III, Table 1). In addition, variant 

carriers had significantly higher fasting plasma insulin concentration (17.9 ± 3.1 mU/l) and 

HOMA-IR (4.9 ± 0.9) compared to control subjects (10.4 ± 1.0 mU/l and 2.8 ± 0.3, 

respectively) (Table 2). These parameters suggest an insulin-resistant phenotype in the 

p.P50T/AKT2 variant group. The carriers were slightly younger (61 ± 2 yrs) than the 

controls (66 ± 1 yrs). 

 

 

5.3.2. Insulin action on glucose uptake and glycogen synthesis was not altered, but 
insulin-stimulated glycolysis was decreased in p.P50T/AKT2 myotubes 

 

Myotubes from p.P50T/AKT2 variant carriers (n=10) and controls (n=8) were stimulated 

with increasing concentrations of insulin (1, 10, and 100 nM). Insulin-stimulation increased 

glucose uptake (with 100 nM insulin) (Fig. 15 a), and glycogen synthesis (in a dose-

dependent fashion) (Fig. 15 b) in both p.P50T/AKT2 variant myotubes and controls, but 

there was no difference between the genotypes. This was an unexpected result, as in this 

subset of participants, the in vivo insulin-stimulated glucose uptake in skeletal muscle, 

measured with PET scan, was impaired (Publication III, Table 1.). However, the somewhat 

discrepant results between in vivo and in vitro experiments are in agreement with the studies 

by Krützfeldt et al. (2000). They observed that insulin resistance found in vivo may not 

manifest in signaling events or insulin-mediated glucose metabolism in cultured myotubes 

in vitro (Krutzfeldt et al., 2000). Our results suggest that impairment in one signaling target 

may not be sufficient to induce insulin resistance. In addition, as p.P50T/AKT2 gene variant 

leads to a partial loss of the AKT2 function, it is highly likely that other signaling pathways 

may compensate. Therefore, we hypothesized that an environmental factor is needed to 

accentuate insulin resistance in p.P50T/AKT2 variant carriers. As saturated fatty acid 

palmitate (16:0) has been shown to impair insulin-stimulated glycogen synthesis in skeletal 

muscle cells (Skrobuk et al., 2012), we exposed myotubes to 0.4 mM palmitate to examine 

if the variant carriers respond differently to the palmitate treatment. Exposure to palmitate 
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led to a significant decrease in insulin-stimulated glycogen synthesis, but there was no 

difference between p.P50T/AKT2 carriers (n=14) and controls (n=14) (Fig. 15 c). 

 

Baseline glycolytic rate, and compensatory glycolysis (which was measured after 

mitochondrial inhibition with Antimycin A and Rotenone), were measured in primary 

human myotubes in basal and insulin-stimulated (100 nM) conditions using a Seahorse flux 

analyzer. Although the glucose uptake and storage (glycogen synthesis) were not altered 

between the genotypes, the glycolytic rate was altered. Insulin-stimulation significantly 

increased the baseline (p=0.0002) and compensatory glycolysis (p=0.0051) in control 

myotubes, but not in p.P50T/AKT2 variant myotubes (p=0.1626 and p=0.7141, 

respectively). Comparison between the genotypes revealed a significant reduction in 

insulin-stimulated glycolysis (Fig. 15 d, p=0.0351) and compensatory glycolysis (Fig. 15 

e, p=0.0363) in p.P50T/AKT2 variant myotubes. Insulin promotes the activation of 

hexokinase and phosphofructokinase 1 (PFK1), the rate-limiting enzymes involved in the 

glycolytic cascade, leading to an increase in glycolysis (Dimitriadis et al., 2011). This event 

is known to involve AKT, which enhances glycolytic flux by multiple mechanisms, such 

as increasing glucose uptake. AKT also phosphorylates and activates phosphofructokinase-

2 (PFK2), leading to the allosteric activation of PFK1 (Robey & Hay, 2009). Therefore, the 

reduced activation of variant AKT may explain the observed lower glycolytic activity in 

myotubes p.P50T/AKT2 variant carriers compared to controls. 
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Figure 15. A) Glucose uptake (pmol/mg/min) and B) glucose incorporation into glycogen (nmol/g/h) 

were measured with radioactive 2-[1,2-3H]-deoxy-glucose and D-[14C]-glucose, respectively, in primary 

human myotubes from p.P50T/AKT2 carriers (n=10) and controls (n=8) which were stimulated with 0, 

1, 10 or 100 nM insulin. C) The effect of 16-18 h pre-exposure to 0.4 mM palmitate (PA) on basal and 

insulin-stimulated glycogen synthesis in myotubes from carriers (n=14) and controls (n=14). Data are 

expressed as mean ± SEM. **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs. respective basal, 2-way 

ANOVA with repeated measures, Sidak’s post hoc test. D) Glycolysis and E) compensatory glycolysis 

were detected as glycolytic proton efflux rate in myotubes from carriers (n=14) and controls (n=14) 

using Seahorse XFe96 flux analyzer. Data (in pmol/min/µg) are expressed as mean ± SEM. **p < 0.01 

and ***p < 0.001 vs respective basal, #p < 0.05 vs control subjects, 2-way ANOVA, Sidak’s post hoc 

test. White bars and blue circles = Controls, light grey bars and red circles = Carriers of p.P50T/AKT2. 

AU=arbitrary units. Reproduced with permission from the Journal of Molecular Endocrinology  

(Mäkinen et al. 2023 J Mol Endocrinol Jan; 70(2):e210285). 

 

 

5.3.3. Activation of the insulin signaling pathway is reduced in p.P50T/AKT2 
myotubes 

 

As AKT is a key player in the insulin signaling network, we examined the effect of the 

p.P50T/AKT2 variant on phosphorylation of insulin signaling targets by western blot. 

Insulin-stimulated phosphorylation (p) of AKT-Thr308 (Fig. 16 b), pAS160-Thr642 (Fig. 16 

c), and pGSK3b-Ser9 (Fig. 16 d) was reduced in myotubes carrying p.P50T/AKT2 gene 
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variant compared to control cells, while there was no statistically significant difference in 

the pAKT-Ser473 (Fig. 16 a). These results in human myotubes confirm the earlier reports 

in HeLa cells transfected with the p.P50T/AKT2, where the phosphorylation of AKT and 

its downstream target GSK3b was impaired (Manning et al., 2017). The contradiction in 

the observed defect in insulin signaling and the lack of a difference in insulin action on 

glucose uptake and glycogen synthesis in p.P50T/AKT2 variant myotubes may be explained 

by the partial loss-of-function characteristics of the variant AKT2. In addition, there is a 

possibility that the AKT2 variant’s defects in glucose metabolism can be compensated by 

other cellular mechanisms in vitro. 

 

5.3.4. Binding of the variant AKT2-P50T-PH domain to PI(3,4,5)P3 is reduced 
 

The Pro50 residue is specific for the AKT2 isoform and is conserved in all vertebrates. The 

missense variant Pro50Thr locates in the lipid-binding PH domain of the AKT2 kinase 

(Manning et al., 2017). AKT is recruited to the plasma membrane in a PI3K-dependent 

manner, where AKT’s PH domain is anchored to PI(3,4,5)P3. This is followed by sequential 

phosphorylation of AKT-Ser473 by the mTORC2 in the C-terminal regulatory domain, and 

the phosphorylation of AKT-Thr308 in the catalytic domain by PDK1 (Agamasu et al., 2017; 

Sarbassov et al., 2005).  Any impairment in these events can lead to defective signaling 

downstream of AKT. The variant form has been predicted to induce a change in the protein 

conformation of the PH domain, which may lead to inefficient recruitment of AKT2 to the 

plasma membrane and impaired AKT2 activation (Manning et al., 2017). Therefore, we 

tested if the recombinantly produced variant (with Thr50) and control (with Pro50) AKT2-

PH domain have a differential binding capacity to PI(3,4,5)P3, using PIP StripsÔ 

membranes. The binding of the variant AKT2-P50T-PH domain to PI(3,4,5)P3 was reduced 

when compared to the control protein (Fig. 16 f). These data suggest that recruitment of 

variant AKT2 to the plasma membrane is impaired due to reduced binding of variant 

AKT2-P50T-PH domain to PI(3,4,5)P3. This may contribute to its observed partial loss-of-

function characteristics (Manning et al., 2017). This result has not been validated in vitro 

before. 
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Figure 16. Western blot analysis of activation of the insulin signaling pathway in primary human 
myotubes from p.P50T/AKT2 carriers (n=10) and controls (n=8) stimulated with 0, 1 10, or 100 nM 
insulin. Quantification of the A) pAKT-Ser473, B) pAKT-Thr308, C) pAS160-Thr642, and D) pGSK3β-
Ser9 was normalized to their respective total proteins. Data for AS160 and GSK3β were normalized to 
the basal control sample of each subject. As the phosphorylation of AKT was not reliably detectable at 
the basal state, the data for pAKTs were normalized to the 1 nM insulin sample of each subject. E) 
Representative blots. Data are expressed as mean ± SEM. *p < 0.05 and **p < 0.01 vs control subjects, 
2-way ANOVA with repeated measures, Sidak’s post hoc test. F) Binding of the recombinantly 
produced variant (with Thr50) PH-domain (PHD) and the wildtype (with Pro50) PHD of AKT2 to 
PI(3,4,5)P3. Quantification of the PIP-StripsÒ membranes was performed by Bio-Rad ImageLab 
immunoblotting system. Data shown are expressed as average volume intensity from 4 repeated assays. 
***p < 0.001, Student’s unpaired t-test. White bars and blue circles = Controls, light grey bars and red 
circles = Carriers of p.P50T/AKT2, green circles = GST. AU=arbitrary units. Reproduced with 
permission from the Journal of Molecular Endocrinology (Mäkinen et al. 2023 J Mol Endocrinol Jan; 
70(2):e210285). 
 

 

5.3.5. The proliferation rate of p.P50T/AKT2 variant muscle cells is not altered 
 

As Akt activation promotes cell proliferation and growth (Manning & Cantley, 2007), we 

measured the proliferation of undifferentiated myoblasts for 6 days with a WST-1 (Takara) 

assay. No difference in cell proliferation was observed between p.P50T/AKT2 variant 

carriers and controls (Fig. 17). This result differs from the lentiviral-infected HuH7 human 
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liver cells expressing the p.P50T/AKT2 gene variant, which showed impaired proliferation 

when compared to wild-type AKT2-Pro50 expressing cells (Manning et al., 2017). 

However, in our study, the primary human cells express endogenous concentrations of 

partial loss-of-function AKT2 variant. Thus, this expression level may not be sufficient to 

induce changes in the machinery regulating cellular proliferation. Our finding reflects those 

of Heron-Milhavet et al (2006), who demonstrated that Akt1, but not Akt2, is required for 

muscle cell proliferation in the mouse model (Heron-Milhavet et al., 2006). 
 

 
Figure 17. A) The proliferation of primary human myoblasts from p.P50T/AKT2 carriers (n=8) and 

controls (n=8), was measured with a WST-1 assay kit. Values are normalized to each subject’s own 

values at time point “Day 0”. Data are expressed as mean ± SEM. B) The area under the curve (AUC) 

is calculated to show the relative proliferation (on the right panel) with no difference between 

p.P50T/AKT2 variant myotubes and controls (Student’s unpaired t-test). White bars and blue circles = 

Controls, light grey bars and red circles = Carriers of p.P50T/AKT2. AU=arbitrary units. Reproduced 

with permission from the Journal of Molecular Endocrinology (Mäkinen et al. 2023 J Mol Endocrinol 

Jan; 70(2):e210285). 

 

 

5.3.6. Activation of several protein tyrosine (PTK) and serine-threonine (STK) 
kinases is reduced in myotubes from p.P50T/AKT2 variant carriers 

(PamGeneÒ kinome profiling system) 

 

To analyze global signaling events in the p.P50T/AKT2 variant (n=9) and control (n=8) 

myotubes, the kinase activity profiling was carried out by using the PamGeneÒ kinome 

array system. This technology is based on immobilized peptide arrays introducing 

phosphorylation sites of substrates for 196 PTKs and 144 STKs, which represent the targets 
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for active kinases in the cell lysate. The array was performed using lysates of insulin-

stimulated myotubes. 

 

Phosphorylation of the peptide substrates on the array chips 

Signals of the phosphorylated peptide substrates, which passed the QC, were detected for 

125 out of the total 196 PTKs, and for 120 out of the total 144 STKs. From these QC-passed 

peptide substrates, several were differentially phosphorylated in the p.P50T/AKT2 variant 

and control myotubes. Phosphorylation of 15 PTK peptides and 9 STK peptides was 

significantly decreased in the variant myotubes compared to the controls, as represented in 

the volcano plots (Fig 18). A list of the peptides is presented in Table 3. PTK peptide 

substrates with reduced phosphorylation included, for example, Calmodulin (calcium-

modulated protein (CaM)) and non-receptor tyrosine kinase LYN. STK peptide substrates 

with reduced phosphorylation included, for example, eukaryotic translation initiation factor 

4E (eIF4E), and tumor suppressor p53. The reduced phosphorylation of these peptide 

substrates embedded in the array chip indicates dysregulated activation of the 

corresponding upstream kinases, which are present in the muscle cell lysates from 

p.P50T/AKT2 variant carriers. 

 

 
 

Figure 18. The volcano plots showing altered phosphorylation of PTK and STK target peptides in arrays 
overlayed with insulin-stimulated myotube lysates from p.P50T/AKT2 variant carriers and controls. The 
X-axis shows the effect size (LFC=Log2 fold change) and Y-axis shows the significance (-Log10 p-
value). The horizontal dashed line is the threshold for peptides with significantly different 
phosphorylation between the genotypes (p < 0.05, unpaired t-test). Reproduced with permission from 
the Journal of Molecular Endocrinology (Mäkinen et al. 2023 J Mol Endocrinol Jan; 70(2):e210285). 
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Table 3. PTK and STK peptides with altered phosphorylation in p.P50T/AKT2 carriers 

vs. controls (p<0.05). 

PTK Peptide ID 
(PamGeneÒ) UniProt ID UniProt 

Accession Peptide sequence Log2 fold change 
(carrier vs. ctrl) p-value 

LYN_391_403 Lyn P07948 VIEDNEYTAREGA -1.0620 0.0036 
41_654_666 Protein 4.1 P11171 LDGENIYIRHSNL -0.5504 0.0092 
VGFR2_989_1001 VEGFR2 P35968 EEAPEDLYKDFLT -0.3292 0.0097 
CD3Z_135_147 CD247 P20963 KGHDGLYQGLSTA -1.5431 0.0099 
FGFR1_761_773 FGFR1 P11362 TSNQEYLDLSMPL -1.7065 0.0147 
MBP_198_210 MBP P02686 ARTAHYGSLPQKS 0.6265 0.0156 
EPHA2_765_777 EPHA2 P29317 EDDPEATYTTSGG -0.5381 0.0159 
TYK2_1048_1060 TYK2 P29597 VPEGHEYYRVRED -0.3328 0.0199 
CD3Z_105_117 CD247 P20963 NPQEGLYNELQKD -0.7561 0.0200 
CALM_95_107 Calmodulin 1 P0DP23 KDGNGYISAAELR -1.3153 0.0230 
KIT_930_942_C942S KIT P10721 ESTNHIYSNLANS -0.4925 0.0323 
EPHA1_774_786 EPHA1 P21709 LDDFDGTYETQGG -0.4362 0.0335 
EPOR_419_431 EPOR P19235 ASAASFEYTILDP -0.7654 0.0359 
FRK_380_392 FRK P42685 KVDNEDIYESRHE -0.4700 0.0383 
EFS_246_258 EFS O43281 GGTDEGIYDVPLL -0.4835 0.0409 
PAXI_111_123 Paxillin P49023 VGEEEHVYSFPNK -0.4374 0.0428 
STK Peptide ID 
(PamGeneÒ) UniProt ID UniProt 

Accession Peptide sequence Log2 fold change 
(carrier vs. ctrl) p-value 

NTRK3_824_836 NTRK3 Q16288 LHALGKATPIYLD -0.4320 0.0021 
MPIP3_208_220 CDC25 P30307 RSGLYRSPSMPEN -0.4697 0.0138 
IF4E_203_215 eIF4E P06730 TATKSGSTTKNRF -0.4335 0.0148 
RB_242_254 RB1 P06400 AVIPINGSPRTPR -0.3791 0.0307 
H32_3_18 Histone H3.2  Q71DI3 RTKQTARKSTGGKAPR -0.3555 0.0377 
P53_12_24 TP53 P04637 PPLSQETFSDLWK -0.4837 0.0420 
P53_308_323 TP53 P04637 LPNNTSSSPQPKKKPL -0.4882 0.0433 
KAPCG_192_206 PKA C-gamma  P22612 VKGRTWTLCGTPEYL -0.2143 0.0448 
C1R_201_213 C1R P00736 ASGYISSLEYPRS -0.5196 0.0464 
 
Table 3. Insulin-stimulated muscle cell lysates from carriers of p.P50T/AKT2 and controls were 
subjected to a kinome analysis utilizing a protein tyrosine (PTK) and serine-threonine (STK) peptide 
array (PamGene® kinome profiling system). Phosphorylation of 16 PTK peptides (15 decreased and 1 
increased) and 9 STK peptides was significantly altered in p.P50T/AKT2 variant carriers compared to 
controls (p<0.05, Student´s unpaired t-test). Numbers in PTK and STK Peptide IDs (PamGeneÒ) 
indicate the position of amino acids in the peptide sequence. Reproduced with permission from the 
Journal of Molecular Endocrinology (Mäkinen et al. 2023 J Mol Endocrinol Jan; 70(2):e210285). 
 

 

Identification of predicted upstream kinases 

QC-passed phosphopeptides were mapped in silico for putative upstream kinases, which 

are predicted to be active in the cell lysates and most likely responsible for the peptide 

phosphorylations in the array chips. These analyses were performed using the Upstream 
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kinase analysis tool integrated into the analysis software (BioNavigator), which combines 

6 protein databases. Permutation analyses revealed multiple putative upstream kinases 

responsible for the impaired peptide phosphorylations in the array chips of p.P50T/AKT2 

variant myotubes compared to controls. The top 25 of these upstream kinases are shown in 

the Kinase score plots (Fig. 19), and the full kinase lists are presented in Tables 4 and 5. 

 

 

 
 
Figure 19. The kinase score plots of the predicted upstream PTK and STK kinases responsible for the 
peptide phosphorylations on the array chips. The top 25 kinases (Y-axis), predicted to be differentially 
regulated between p.P50T/AKT2 variant and control myotubes, are ranked by the median final score (a 
combination of specificity and significance scores). The mean kinase statistic (X-axis) indicates the 
mean group differences for each peptide set, with effect size (values) and direction (- = reduced activity 
in p.P50T/AKT2 group). Reproduced with permission from the Journal of Molecular Endocrinology 
(Mäkinen et al. 2023 J Mol Endocrinol Jan; 70(2):e210285). 
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Table 4. Downregulated upstream PTK kinases in p.P50T/AKT2 carriers. 

Rank PTK kinase ID  UniProt Accession Full kinase name(s) Median final 
score 

Mean kinase 
statistic 

(carrier vs. ctrl) 

1 Lyn P07948 Tyrosine-protein kinase Lyn 
Lck/Yes-related novel protein tyrosine kinase 2.8182 -0.5383 

2 EphA3 P29320 Ephrin type-A receptor 3 2.7881 -0.6246 
3 FAK1 (PTK2) Q05397 Focal adhesion kinase 1 2.4442 -0.4929 
4 FGFR4 P22455 Fibroblast growth factor receptor 4 2.4437 -0.5274 

5 Syk P43405 Tyrosine-protein kinase SYK 
Spleen tyrosine kinase 2.4379 -0.4626 

6 FAK2 (PTK2B) Q14289 
Protein-tyrosine kinase 2-beta 
Focal adhesion kinase 2 

Calcium-dependent tyrosine kinase 
2.4351 -0.5065 

7 ALK Q9UM73 ALK tyrosine kinase receptor 
Anaplastic lymphoma kinase 2.3928 -0.4755 

8 Fyn P06241 Tyrosine-protein kinase Fyn 
Proto-oncogene c-Fyn 2.2396 -0.5263 

9 FGFR3 P22607 Fibroblast growth factor receptor 3 2.1744 -0.5514 
10 FGFR2 P21802 Fibroblast growth factor receptor 2 2.1675 -0.5532 

11 Fgr P09769 Tyrosine-protein kinase Fgr 
Proto-oncogene c-Fgr 2.1446 -0.5586 

12 IGF1R P08069 Insulin-like growth factor 1 receptor 2.1432 -0.5100 

13 EphA2 P29317 Ephrin type-A receptor 2 
Epithelial cell kinase 1.9803 -0.5145 

14 HER3 (ERBB3) P21860 Receptor tyrosine-protein kinase erbB-3 
Proto-oncogene-like protein c-ErbB-3 1.9385 -0.4650 

15 CSK P41240 Tyrosine-protein kinase CSK 
C-Src kinase 1.9043 -0.4622 

16 HCK P08631 Tyrosine-protein kinase HCK 
Hematopoietic cell kinase 1.8716 -0.4741 

17 IRR (INSRR) P14616 Insulin receptor-related protein 1.8431 -0.5052 

18 CTK (MATK) P42679 Megakaryocyte-associated tyrosine-protein kinase 
Hematopoietic consensus tyrosine-lacking kinase 1.8253 -0.4737 

19 Src P12931 Proto-oncogene tyrosine-protein kinase Src 1.8052 -0.4553 

20 
RYK (not 
presented in 
Proteomap) 

H0Y8A4 Tyrosine-protein kinase RYK 1.7840 -0.5159 

21 Lck P06239 Tyrosine-protein kinase Lck 
Lymphocyte cell-specific protein-tyrosine kinase 1.7809 -0.4582 

22 FRK P42685 Tyrosine-protein kinase FRK 
FYN-related kinase 1.6991 -0.4389 

23 InSR P06213 Insulin receptor 1.6828 -0.4540 
24 FGFR1 P11362 Fibroblast growth factor receptor 1 1.6761 -0.4731 

25 Axl P30530 Tyrosine-protein kinase receptor UFO 
AXL oncogene 1.6163 -0.4527 

26 EphA1 P21709 Ephrin type-A receptor 1 
Erythropoietin-producing hepatoma receptor 1.4569 -0.4538 

27 Met P08581 Hepatocyte growth factor receptor 
Tyrosine-protein kinase Met 1.4267 -0.4395 

28 TRKC (NTRK3) Q16288 NT-3 growth factor receptor 
Neurotrophic tyrosine kinase receptor type 3 1.4009 -0.4525 
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29 ZAP70 P43403 Tyrosine-protein kinase ZAP-70 
70 kDa zeta-chain associated protein 1.3872 -0.4241 

30 Abl (ABL1) P00519 
Tyrosine-protein kinase ABL1 
Abelson tyrosine-protein kinase 1 

Proto-oncogene c-Abl 
1.3861 -0.4208 

31 TRKA (NTRK1) P04629 
High affinity nerve growth factor receptor 
Neurotrophic tyrosine kinase receptor type 1 

Tropomyosin-related kinase A 
1.3312 -0.4234 

32 EphA8 P29322 Ephrin type-A receptor 8 1.3175 -0.4589 
33 FmS/CSFR P07333 Macrophage colony-stimulating factor 1 receptor 1.3134 -0.4188 
34 TXK P42681 Tyrosine-protein kinase TXK 1.3080 -0.4128 

35 Arg (ABL2) P42684 
Tyrosine-protein kinase ABL2 
Tyrosine-protein kinase ARG 
Abelson-related gene protein 

1.3001 -0.4141 

36 Kit P10721 Mast/stem cell growth factor receptor Kit 1.2932 -0.4258 
37 LTK P29376 Leukocyte tyrosine kinase receptor 1.2878 -0.4331 
38 PDGFR[alpha] P16234 Platelet-derived growth factor receptor alpha 1.2821 -0.4504 

39 FLT3 P36888 Receptor-type tyrosine-protein kinase FLT3 
Fms-like tyrosine kinase 3 

1.2246 -0.3989 

 
Table 4. Upstream kinase analysis based on the phosphorylated PTK peptide (substrate) array 
(PamGene® kinome profiling system). 39 PTKs were predicted as putative upstream kinases with 
reduced activity in p.P50T/AKT2 variant myotubes compared to controls, ranked by the median final 
score (>1.2). Reproduced with permission from the Journal of Molecular Endocrinology (Mäkinen et al. 
2023 J Mol Endocrinol Jan; 70(2):e210285). 
 

 

Putative upstream PTKs affected in the p.P50T/AKT2 variant myotubes 

Putative affected upstream PTKs included many non-receptor Src family tyrosine kinases 

(SFKs), such as Fgr, Lyn, and Fyn, as well as focal adhesion kinase 1 and 2 (FAK1 and 

FAK2) (Fig. 19 and Table 4). SFKs interact with FAK, for example by direct 

phosphorylation. The SFK/FAK interactions promote cell migration, proliferation, and cell 

survival, and have been associated with different cancer cell types (Mitra & Schlaepfer, 

2006; Yadav & Denning, 2011). The role of FAK in skeletal muscle has been elucidated 

by Lassiter et al (2018). They demonstrated that energy depletion and activation of AMPK 

reduce the tyrosine phosphorylation of FAK-Tyr397, while insulin stimulation did not alter 

the FAK activation in the primary human myotubes (Lassiter et al., 2018). On the other 

hand, FAK has been demonstrated to regulate the activity of AKT and GSK3β, thus, 

affecting the insulin-stimulated glycogen synthesis in hepatocytes (Huang et al., 2002). In 

addition, silencing of the FAK gene (PTK2) leads to reduced AKT phosphorylation and 

insulin resistance in mice in vivo (Bisht et al., 2008). In our study, the in silico predicted 

downregulation of FAK was further validated by western blotting. Activation of FAK 

requires its prior autophosphorylation at the residue Tyr397, enabling its subsequent 
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phosphorylation at the activation site Tyr576/577 (Graham et al., 2015). Insulin-stimulated 

phosphorylation of FAK at Tyr397 and Tyr576/577 had a tendency to be reduced, but these did 

not reach statistical significance (Fig. 20 c and d). 

 

SFKs act as transducers between many cell surface receptors and intracellular signaling 

machinery, therefore participating in the regulation of various cellular functions, such as 

immune response, cytoskeletal remodeling, cell survival, and proliferation (Parsons & 

Parsons, 2004). They also participate in the Ca2+ signaling, and vice versa, the Ca2+ 

signaling regulates the SFK activity (Anguita & Villalobo, 2017). A ubiquitous Ca2+-

binding protein, Calmodulin (CaM) has various phosphorylated and non-phosphorylated 

forms when Ca2+ is present or absent. Therefore, CaM diversely regulates the function of a 

number of enzymes and non-enzyme proteins (Anguita & Villalobo, 2017; Benaim & 

Villalobo, 2002). CaM peptide containing the residue Tyr100 (also referred Tyr99 in the 

literature) was less phosphorylated in the arrays of p.P50T/AKT2 variant myotubes.  CaM-

Tyr99 is phosphorylated by SFKs such as Src, Fyn, and Fgr (Anguita & Villalobo, 2017), 

as well as insulin receptor (InsR) (Benaim & Villalobo, 2002), all of which were predicted 

as a downregulated upstream kinases in the variant myotubes. In endothelial cells, 

phosphorylated CaM-Y99 binds to the regulatory subunit of PI3K-p85, followed by 

increased PIP3 levels. This enables the anchoring of the non-selective, Ca2+-permeable 

cation channel, TRPC6 (transient receptor potential canonical protein 6), to the plasma 

membrane (Chaudhuri et al., 2016). The multifaceted interplay of CaM in a variety of 

intracellular processes has been evidenced in many studies. AS160 contains a CaM-binding 

domain, which regulates the contraction-mediated glucose uptake in the skeletal muscle 

(Kramer et al., 2007). In adipose cells, CaM influences insulin-dependent translocation of 

GLUT4 and glucose uptake (Whitehead et al., 2001; Yang et al., 2000). Furthermore, CaM 

binds to the PH domain of AKT in the cytoplasm, facilitating the AKT translocation to the 

plasma membrane (Agamasu et al., 2017). In our study, the data generated with the 

PamGene profiling suggest impairments in the activation of kinases, such as SFKs and 

InsR, as well as CaM, which may cause alterations in intracellular Ca2+ fluxes, and 

therefore, contribute to changes in cellular functions in the muscle cells of p.P50T/AKT2 

variant carriers. 
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Table 5. Downregulated upstream STK kinases in p.P50T/AKT2 carriers. 

Rank STK kinase ID  UniProt Accession Full kinase name(s) Median final 
score 

Mean kinase 
statistic 

(carrier vs. ctrl) 

1 CHK1 (CHEK1) O14757 Serine/threonine-protein kinase Chk1 
Checkpoint kinase 1 3.9508 -0.5450 

2 CDK5 Q00535 Cyclin-dependent-like kinase 5 3.9355 -0.5406 
3 MNK2 (MKNK2) Q9HBH9 MAP kinase-interacting Ser/Thr-protein kinase 2 3.9297 -0.6913 

4 PKN1/PRK1 Q16512 Ser/Thr-protein kinase N1/Protein-kinase C-related 
kinase 1 3.1938 -0.5304 

5 DCAMKL1 
(DCLK1) O15075 Serine/threonine-protein kinase DCLK1 

Doublecortin-like and CAM kinase-like 1 2.7607 -0.5426 

6 DAPK3 O43293 Death-associated protein kinase 3 2.6007 -0.5163 
7 DAPK1 P53355 Death-associated protein kinase 1 2.5654 -0.5450 

8 AurA/Aur2 
(AURKA) O14965 Aurora kinase A 

Aurora/IPL1-related kinase 1 2.5528 -0.5088 

9 PKC[beta] 
(PRKCB) P05771 Protein kinase C beta type 2.4810 -0.4460 

10 ICK Q9UPZ9 Serine/threonine-protein kinase ICK 
Intestinal cell kinase 2.4471 -0.5628 

11 CDK9 P50750 Cyclin-dependent kinase 9 2.3768 -0.4582 

12 CDK11 (CDK19) Q9BWU1 Cyclin-dependent kinase 19 
Cyclin-dependent kinase 11 2.2115 -0.4844 

13 PKC[gamma] 
(PRKCG) P05129 Protein kinase C gamma type 2,1236 -0.4045 

14 AurB/Aur1 
(AURKB) Q96GD4 Aurora kinase B 

Aurora/IPL1-related kinase 2 2.0741 -0.4230 

15 CHK2 (CHEK2) O96017 Serine/threonine-protein kinase Chk2 
Checkpoint kinase 2 1.9671 -0.3796 

16 CDK6 Q00534 Cyclin-dependent kinase 6 1.9605 -0.4112 
17 CDKL2 Q92772 Cyclin-dependent kinase-like 2 1.8785 -0.4775 

18 CK2[alpha]1 
(CSNK2A1) P68400 Casein kinase II subunit alpha 1.8120 -0.4126 

19 PKC[eta] 
(PRKCH) P24723 Protein kinase C eta type 1.7847 -0.3835 

20 MSK2 
(RPS6KA4) O75676 Ribosomal protein S6 kinase alpha-4 

Nuclear mitogen- and stress-activated protein kinase 2 1.7735 -0.4907 

21 CDC2/CDK1 P06493 Cyclin-dependent kinase 1 1.7577 -0.3547 

22 IKK[epilon] 
(IKBKE) Q14164 Inhibitor of nuclear factor kappa-B kinase subunit 

epsilon 1.7480 -0.4112 

23 PLK3 Q9H4B4 Serine/threonine-protein kinase PLK3 
Polo-like kinase 3 1.7211 -0.3910 

24 AMPK[alpha]1 
(PRKAA1) Q13131 AMP-activated protein kinase catalytic subunit alpha-1 1.7172 -0.3917 

25 
RSKL1 (not 
presented in 
Proteomap) 

Q96S38 Ribosomal protein S6 kinase delta-1 1.7151 -0.4488 

26 PKC[zeta] 
(PRKCZ) Q05513 Protein kinase C zeta type 1.7150 -0.3887 

27 JNK3 (MAPK10) P53779 Mitogen-activated protein kinase 10 
c-Jun N-terminal kinase 3 1.6895 -0.3399 
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28 
SgK307 (not 
presented in 
Proteomap) 

Q8IWB6 
Inactive serine/threonine-protein kinase TEX14 

Sugen kinase 307 
Testis-expressed sequence 14 protein 

1.6678 -0.4320 

29 HGK/ZC1 
(MAP4K4) O95819 

Mitogen-activated protein kinase kinase kinase kinase 
4 

HPK/GCK-like kinase HGK 
1.6632 -0.4064 

30 AlphaK1 
(ALPK3) Q96L96 Alpha-protein kinase 3 1.5781 -0.4095 

31 ATR Q13535 Serine/threonine-protein kinase ATR 
Ataxia telangiectasia and Rad3-related protein 1.4471 -0.3703 

32 CDK4 P11802 Cyclin-dependent kinase 4 1.4368 -0.3367 

33 GSK3[beta] 
(GSK3B) P49841 Glycogen synthase kinase beta 1.4304 -0.3694 

34 RSK2 (RPS6KA3) P51812 Ribosomal protein S6 kinase alpha-3 
Ribosomal S6 kinase 2 1.4027 -0.3743 

35 GSK3[alpha] 
(GSK3A) P49840 Glycogen synthase kinase alpha 1.3756 -0.3325 

36 p38[delta] 
(MAPK13) O15264 Mitogen-activated protein kinase 13 

MAP kinase p38 delta 1.3705 -0.3241 

37 PFTAIRE1 
(CDK14) O94921 Cyclin-dependent kinase 14 

Serine/threonine-protein kinase PFTAIRE-1 1.3363 -0.3660 

38 PKC[epsilon] 
(PRKCE) Q02156 Protein kinase C epsilon type 1.3176 -0.3398 

39 JNK1 (MAPK8) P45983 Mitogen-activated protein kinase 8 
c-Jun N-terminal kinase 1 1.3028 -0.3124 

40 MSK1 
(RPS6KA5) O75582 Ribosomal protein S6 kinase alpha-5 

Nuclear mitogen- and stress-activated protein kinase 1 1.2768 -0.3665 

41 VRK1 Q99986 Serine/threonine-protein kinase VRK1 
Vaccinia-related kinase 1 1.2651 -0.3310 

42 Pim3 Q86V86 Serine/threonine-protein kinase pim-3 1.2649 -0.3114 
43 CDK2 P24941 Cyclin-dependent kinase 2 1.2647 -0.3259 

44 MAPK14 Q16539 Mitogen-activated protein kinase 14 
MAP kinase p38 alpha 1.2477 -0.3215 

45 ERK7 (MAPK15) Q8TD08 Mitogen-activated protein kinase 15 
Extracellular signal-regulated kinase 7 1.2434 -0.3503 

46 TBK1 Q9UHD2 Serine/threonine-protein kinase TBK1 
TANK-binding kinase 1 1.2363 -0.3237 

47 JNK2 (MAPK9) P45984 Mitogen-activated protein kinase 9 
c-Jun N-terminal kinase 2 1.2305 -0.3020 

 
Table 5. Upstream kinase analysis based on the phosphorylated STK peptide (substrate) array 
(PamGene® kinome profiling system). 47 STKs were predicted as putative upstream kinases with 
reduced activity in myotubes of p.P50T/AKT2 variant carriers compared to controls, ranked by median 
final score (>1.2). Reproduced with permission from the Journal of Molecular Endocrinology (Mäkinen 
et al. 2023 J Mol Endocrinol Jan; 70(2):e210285). 
 
 
Putative upstream STKs affected in the p.P50T/AKT2 variant myotubes 

The most affected upstream STK was the MAPK-interacting kinase 2 (MNK2), which 

controls the protein synthetic machinery via MAPK/ERK/p38 pathway. MNK2 directly 

phosphorylates the translation initiation factor eIF4E-Ser209. Upregulation of eIF4E has 
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been demonstrated in several human cancers, which may be MNK-mediated (Joshi & 

Platanias, 2014). Our studies of kinome profiling revealed significantly reduced 

phosphorylation of the eIF4E peptide sequence in the array chip, which contains the residue 

Ser209, and predicted reduction in the activity of the responsible upstream kinase MNK2 in 

p.P50T/AKT2 variant myotubes. These results were further validated by determining the 

phosphorylation of the activation site of MNK2-Ser249 and its downstream target eIF4E-

Ser209 by western blotting. Insulin-stimulated phosphorylation of both MNK2-Thr249 (Fig. 

20 a, p=0.0250) and eIF4E-Ser209 (Fig 20. b, p=0.0316) were significantly reduced in 

p.P50T/AKT2 variant myotubes. MNK2 has been proposed to suppress the expression of 

GLUT4, and knock-out mice lacking MNK2 are markedly protected against high fat diet-

induced insulin resistance and glucose intolerance (Moore et al., 2016). This raises the 

possibility that reduced MNK2 activity in variant carriers may enhance insulin sensitivity 

and contribute to the rather surprising finding of unchanged insulin-stimulated glucose 

uptake and glycogen synthesis in primary muscle cells of p.P50T/AKT2 variant carriers. 
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Figure 20. Validation of the MNK2 and FAK signaling by western blot in myotubes stimulated with 
or without 100 nM insulin. Quantification of A) pMNK2-Ser249 was corrected for total lane protein 
detected from the PVDF membrane before antibody probing (stain-free total protein normalization 
method). Quantification of B) p-eIF4E-Ser209, C) pFAK-Tyr576/577, and D) pFAK-Tyr397 were 
normalized to their respective total proteins. Data were normalized to the basal control sample of each 
subject. Representative blots are shown in (E, F, G, H). Data are expressed as mean ± SEM from 
p.P50T/AKT2 carriers (n=8 in A, D, and n=9 in B, C) and controls (n=8 in A, D, and n=7 in B, C). *p < 
0.05 vs control subjects, 2-way ANOVA, Sidak’s post hoc test. AU=arbitrary units. White bars and blue 
circles = Controls, light grey bars and red circles = Carriers of p.P50T/AKT2. Reproduced with 
permission from the Journal of Molecular Endocrinology (Mäkinen et al. 2023 J Mol Endocrinol Jan; 
70(2):e210285). 
 

 

Other predicted dysregulated upstream STKs were cell cycle regulators checkpoint kinase 

1 (CHK1) and cyclin-dependent-like kinase 5 (CDK5), as well as cellular energy sensor 

AMP-activated protein kinase (AMPKa1). Functional aberrations in CHK1 and CDK5 are 

classically associated with diseases, such as cancers (Kastan & Bartek, 2004; Sharma & 

Sicinski, 2020). They phosphorylate, among others, tumor suppressor antigen p53 at least 

at the sites Ser20 and Ser15, respectively (Lee et al., 2007; Shieh et al., 2000). The p53 

peptide containing these phosphosites in the PamGene array chip was significantly less 

phosphorylated when exposed to insulin-stimulated muscle cell lysates from p.P50T/AKT2 

variant carriers. AMPK also enhances the phosphorylation of p53-Ser15, which is required 

to initiate AMPK-dependent cell-cycle arrest, thus, promoting cellular survival in response 

to glucose deprivation (Jones et al., 2005). In our study, upstream kinase analysis predicted 

reduced activation of AMPKa1. Taken together, the results of the kinome profiling 

underline the highly interconnected pathways and untraditional players impacted by the 

presence of p.P50T/AKT2 gene variant. 
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6. STRENGTHS AND LIMITATIONS 
 

The overall strength of this doctoral thesis work is the use of primary skeletal muscle cell 

cultures as a study model. Human myotubes maintain their genetic and in vivo phenotypic 

characteristics relatively well in in vitro systems and provide a unique model to investigate 

environmental factors which contribute to insulin resistance in the human skeletal muscle 

(Gaster, 2019). They also serve as biological replicates and mirror the clinical in vivo 

human studies closer than immortalized cell lines. Cultured primary human myotubes in I 

and II originate from the muscle biopsies of clinically well-characterized donors with 

normal glucose tolerance. Moreover, the primary muscle cells established from nondiabetic 

carriers of the Finnish-specific AKT2 gene variant (n=14) and controls (n=14) in III are a 

valuable collection of cells that enable direct cellular assays without the need for genetic 

knock-in or knock-out modifications, thus permitting studies of the impact of the 

endogenous gene variant. To date, there are no other in vitro studies regarding the 

p.P50T/AKT2 gene variant conducted in primary muscle cells of native variant carriers, 

which emphasizes the importance and uniqueness of the current study. 

 

The strengths of the thesis work are the versatile approaches to investigating metabolic 

events, including methods for detecting glucose uptake, glycogen synthesis, and glycolysis, 

as well as mitochondrial metabolism. These are accompanied by the determination of the 

cell signaling events both with the conventional western blot method and with state-of-the-

art technology of kinome profiling system (PamGene). Carefully controlled conditions to 

study the effects of environmental factors (either fatty acids or statins) have been used in 

the studies.  

 

However, certain limitations need to be considered. The weakness of study I is that only 

one concentration of palmitate (0.4 mM) and oleate (0.2 mM) was used. However, the 

palmitate concentration was selected based on preliminary dose-response and time-course 

experiments, where the observed maximum inhibition of insulin-stimulated 

phosphorylation of Akt-Ser473 was achieved at 12 h by 0.4 mM palmitate (publication I). 

Oleate concentration was chosen based on the study by Peng and co-workers where the 

negative effects of 0.5 mM palmitate were alleviated by co-incubation with lower (0.1–0.2 

mM or 0.3 mM) oleate concentrations (Peng et al., 2011). The proportion of fatty acids in 
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the co-incubation group was limited to the same concentrations used in the groups of 

individual fatty acid exposures (0.4 mM palmitate and 0.2 mM oleate). These led to excess 

fatty acid load compared to palmitate and oleate alone, which may have impacted the 

cellular functions. 

 

The main limitation of study II is also related to the concentrations of the statins chosen 

for the pre-exposures; 6 μg/mL (14,3 μM) simvastatin and 13 μg/mL (28,6 μM) pravastatin. 

As the statin concentration in human plasma is in the scale of nanograms per milliliter 

(Backman et al., 2000; Lilja et al., 1999), the concentrations used in in vitro experiments 

are substantially higher than those reached in vivo. However, supraphysiological 

concentrations are necessary to induce a maximal stimulus during a short-term exposure 

and are in line with those used in other in vitro studies (Schirris et al., 2015; Skottheim et 

al., 2008; Smith et al., 2014; Yaluri et al., 2016). Another limitation of the statin study is 

that the experiments to determine glycolysis and mitochondrial respiration were carried out 

in myoblasts instead of differentiated myotubes, which were used in other experiments. 

Myoblasts and myotubes may exhibit differences in their metabolic responses, as reported 

by Al-Khalili et al.  (Al-Khalili et al., 2003). However, we observed a reduction in 

mitochondrial respiration in human myoblasts pre-treated with simvastatin, which 

corroborates with another study showing the same effect in human myotubes (Kwak et al., 

2012). This indicates that simvastatin inhibits mitochondrial respiration both in myoblasts 

and myotubes.  

 

The limitation of study III is that the PamGene kinase activity profiling in the AKT2 study 

was performed only in insulin-stimulated cells. Thus, the limitation of the assay is the lack 

of basal condition, as the availability of the array chips was limited. Therefore, a higher 

number of subjects was selected for the assay at the expense of multiple conditions (basal 

vs. insulin). However, in order to identify genotype differences in cellular events typically 

activated in response to insulin, the insulin-stimulated condition was chosen for the 

PamGene assay. Another limitation of the AKT2 study the lack of data regarding the effect 

of homozygocity with respect to p.P50T/AKT2 variant (both alleles consisting of the 

threonine amino acid) on the metabolic phenotype and the development of insulin 

resistance. In this study, variant carriers were heterozygotes and only one participant was 

homozygote, with similar responses as among the heterozygote variant carriers. 

Nevertheless, investigating the impact of the homozygote variant is problematic, as only 3 
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homozygote AKT2 variant carriers were identified in the original METSIM cohort 

(Manning et al., 2017). We also exposed the myotubes to palmitate, in order to investigate 

an environmental contribution to insulin sensitivity. Palmitate exposure led to a reduction 

in insulin-stimulated glycogen synthesis equally in both genotypes. As the duration of 

palmitate exposure was relatively acute, it would be interesting in the future to investigate 

the muscle cell response to the overload of different nutrients in a chronic setting. 
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7. FUTURE PERSPECTIVES 
 

The first study focused on the effect of palmitate and oleate on skeletal muscle metabolism 

and intracellular signaling. Palmitate and oleate represent common dietary saturated and 

unsaturated fatty acids, respectively. Excessive amounts of saturated fatty acids in the diet 

have been associated with the development of insulin resistance and an increased risk of 

T2D, whereas oleate has been shown to have a protective effect in clinical trials and in 

animal cell models. As the exposure to fatty acids in the study design was limited with 

respect to concentrations and proportions, it would be important in the future to compare 

the effects of different palmitate and oleate concentrations, as well as different proportions 

of these fatty acids. On the other hand, studies exploring the impact of exposure to other 

fatty acids, with varying chain lengths and saturation degrees, on glucose metabolism in 

human skeletal muscle would be highly interesting. Clinical human studies have 

demonstrated that FAO rates decrease with increasing fatty-acid chain length, and the 

highest oxidation is reached with unsaturated fatty acids (DeLany et al., 2000). Animal 

cell-based studies have shown that mono- and polyunsaturated fatty acids counteract 

palmitate-induced mitochondrial dysfunction in rat skeletal muscle cells (Nisr et al., 2020). 

Coincubation with palmitate and monounsaturated oleate with increasing OA provision 

(0.1 - 0.3 mM OA / 0.5mM PA) has been shown to prevent palmitate-induced DAG 

accumulation as well as insulin resistance,  as indicated by improved phosphorylation of 

Akt-Ser473 and reduced inhibitory phosphorylation of IRS-1-Ser307 in mouse skeletal 

muscle (Coll et al., 2008). Another study reported that two long-chain PUFAs, 

docosahexaenoic acid (DHA, 22:6 (n-3)) and eicosapentaenoic acid (EPA, 20:5 (n-3)), did 

not affect insulin signaling or non-oxidative glucose metabolism, but only DHA increased 

glucose and palmitate oxidation, activated AMPK, and increased protein levels of CPT-1b 

and PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha) in L6 

skeletal muscle cells in a sustained fashion (Katsnelson & Ceddia, 2020). These studies 

underline the current opinion of the differential effects of varying saturated and unsaturated 

fatty acids on cell physiology and metabolism. However, comprehensive mechanistic data 

on how different types and proportions of fatty acids affect metabolism in human skeletal 

muscle are yet to be demonstrated. These aspects would be important topics for future 

research.  
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In the second study, the effects of lactone and acid-forms of simvastatin on glucose 

metabolism, insulin signaling, and mitochondrial respiration were investigated. The types 

and degrees of adverse effects reported in the literature have varied among different types 

and doses of statins. For example, simvastatin and rosuvastatin have been associated with 

the highest risk for T2D, whereas pravastatin has been associated with a low risk of new-

onset diabetes (Navarese et al., 2013). The different types and doses of statins have shown 

variable myotoxic effects in primary human skeletal muscle cells (Skottheim et al., 2008). 

Although we showed a relatively neutral effect on glucose metabolism with hydrophilic 

and clinically far less diabetogenic pravastatin, the inclusion of other statins such as for 

example lipophilic lovastatin, which is also administered as lactone-form (Ward et al., 

2019), might have improved the interpretations of the effects observed with simvastatin. In 

the future, it would be thus interesting to study the effects of other statins. Another 

important aspect is related to the gender of the participants. In our study, muscle cell 

cultures were established only from men. As statins inhibit cholesterol and therefore steroid 

biosynthesis, there is a possibility that statin use leads to impaired synthesis of sex 

hormones, such as estrogen (Oluleye et al., 2019). As estrogens are known to promote 

insulin sensitivity (Varlamov et al., 2014), it would be interesting to investigate if gender 

affects the responses of muscle cells to statins. 

 

In the AKT2-study we found evidence of altered activity of various important intracellular 

signaling pathways in the muscle cells from the p.P50T/AKT2 variant carriers. This 

provides a solid basis for future studies. Collectively, the data suggest an impaired 

activation of many kinases involved in the regulation of Ca2+ fluxes and Ca2+ signaling. 

These kinases include non-receptor SFKs, such as Fgr, Lyn, and Fyn, as well as InsR, which 

all participate in the generation of Ca2+ signal. Phosphorylation of CaM peptide on the array 

chips was also reduced by a dysregulated kinase present in the variant cell lysates, probably 

indicating the dysregulation of kinases involved in the Ca2+/CaM signaling pathway. Any 

alterations in intracellular Ca2+ fluxes may contribute to changes in cellular functions in the 

muscle cells of p.P50T/AKT2 variant carriers. Another interesting putative dysregulated 

kinase in variant myotubes is the cellular energy sensor AMPK, which is activated in 

response to reduced cellular ATP levels (Towler & Hardie, 2007). AMPK directly 

phosphorylates AS160 and mediates insulin-independent GLUT4 translocation (Treebak et 

al., 2006). Calcium also regulates AMPK activity via Ca2+/CaM-dependent protein kinase 

kinase (CaMKK) (Towler & Hardie, 2007). Therefore, future studies aiming to investigate 
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the AMPK signaling pathway and the link between Ca2+ signaling and insulin sensitivity 

in p.P50T/AKT2 variant carriers are warranted. 
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8. CONCLUSIONS 
 

Insulin resistance is a pathological condition defined as an impaired physiological ability 

of insulin-sensitive tissues, such as skeletal muscle, to respond normally to insulin 

stimulation.  The etiology of insulin resistance is highly variable with a number of identified 
underlying causes and risk factors. Insulin resistance is primarily related to obesity and 
excess fatty acid consumption. However, certain medications, as well as genetic 
background, also have a strong influence on insulin resistance. This doctoral thesis provides 
insight into the intracellular events and mechanisms for the development of insulin 
resistance in human primary skeletal muscle cells.  

 

Study I: While monounsaturated fatty acid oleate protected human myotubes from 

palmitate-induced alterations in intracellular signaling, this did not result in protection 

against insulin resistance, as insulin action on glucose uptake remained impaired. This fatty 

acid-induced reduction in glucose uptake was related to increased mitochondrial ROS 

production and could be ameliorated with antioxidants. Overall, these data fit with the 

concept that in a situation where energy intake exceeds the energy demand, cells respond 

with the development of insulin resistance. Therefore, calorie restriction and energy 

expenditure-increasing interventions, such as physical exercise, remain the cornerstones of 

the treatment of people with insulin resistance. 

 

Study II: The effects of lactone- and acid-form simvastatin on glucose metabolism were 

differential in human primary myotubes. Lactone-form increased, and acid-form decreased 

glycogen synthesis, suggesting impaired insulin sensitivity in response to acid-form 

simvastatin. Both forms of simvastatin induced a profound inhibition of glycolysis and 

mitochondrial energy production. These effects may contribute to an increased risk of 

myotoxicity and T2D that has been observed with simvastatin use (Bruckert et al., 2005; 

Cederberg et al., 2015). 

 

Study III: The presence of p.P50T/AKT2 gene variant led to impaired insulin signaling in 

primary human myotubes, which may be a result of the observed defective PIP3-binding 

capacity. However, insulin action on glucose uptake or glycogen synthesis was not altered 

between variant and control myotubes. The observed impairments in insulin signaling as 

well as in multiple interconnected pathways were associated with impaired in vitro insulin-
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stimulated glycolysis, fasting hyperinsulinemia, and are likely to contribute to the observed 

in vivo insulin resistance in the carriers of p.P50T/AKT2 variant (Latva-Rasku et al., 2018). 
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