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Abstract 

Skeletal muscle, a major target tissue of insulin, accounts for ~80% of 

postprandial glucose disposal and plays a significant role in the regulation of glucose 

homeostasis. Insulin increases muscle glucose uptake by increasing the translocation 

of intracellularly stored GLUT4 glucose transporters to the plasma membrane through 

the phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway. Impaired PI3K/Akt 

signaling is associated with skeletal muscle insulin resistance; leading to chronically 

elevated blood glucose levels and followed by a compensatory rise in insulin levels. 

The elevated glucose and insulin levels in turn exacerbate insulin resistance. Insulin 

receptor substrate 1 (IRS1) plays a major role in insulin-signaling. Increased 

serine/threonine phosphorylation of IRS proteins has been associated with reduced 

insulin signaling and insulin resistance. Activated mechanistic target of rapamycin 

complex 1 (mTORC1) negatively regulates insulin signaling by phosphorylating IRS-

1 at Ser636/639 residues. Also, mTOR inhibition can be mediated by AMP-activated 

protein kinase (AMPK), a serine/threonine protein kinase that plays a central role in 

regulating energy balance. Rosemary extract (RE) increases muscle cell glucose 

uptake but its effects on high glucose and high insulin-induced insulin resistance is 

not known and is the focus of the present study. This thesis investigates the effect of 

RE and RE polyphenols carnosic acid (CA), rosmarinic acid (RA) and carnosol 

(COH) on recovering/blunting high glucose and high insulin-induced insulin 

resistance in skeletal muscle cells and the mechanism(s) involved. Exposure of L6 

myotubes to 25mM glucose (HG) and 100nM insulin (HI) for 24 h, to mimic 

hyperglycemia and hyperinsulinemia, abolished the acute insulin-stimulated glucose 

uptake (I: 183, HG + HI + I: 112 % of basal), attenuated the insulin-stimulated Akt 

and GSK-3β phosphorylation, while increased IRS-1 Ser636/639 phosphorylation 
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indicating insulin resistance. In addition, HG+HI increased mTOR phosphorylation. 

Importantly, treatment with RE (5 µg/ml) significantly restored the insulin-stimulated 

glucose uptake (HG + HI + RE + I: 149% of basal) and GSK-3β phosphorylation, 

reduced the HG + HI-induced IRS-1 Ser636/639 phosphorylation, and mTOR 

phosphorylation, and increased AMPK phosphorylation. In addition, CA, RA, and 

COH were able to restore the insulin-stimulated glucose uptake in insulin resistant 

cells. Our data indicate a potential of RE to counteract muscle insulin resistance and 

more research is required to investigate the mechanisms involved. 
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CHAPTER 1: Literature review 

1.1 Insulin and the insulin signaling cascade in skeletal muscle   

Plasma glucose levels are maintained between 4-7 mM, by a balance between 

intestinal absorption, uptake by cells in central (brain) and peripheral tissues (skeletal 

muscle, adipose, liver), and hepatic glucose production. Skeletal muscle tissue 

accounts for approximately 80-85% of postprandial insulin-mediated glucose uptake. 

Insulin plays a predominant role in maintaining glucose homeostasis. The facilitative 

glucose transporters (GLUTs) enable glucose disposal into skeletal muscle cells. 

Translocation of GLUTs to the plasma membrane in skeletal muscle and adipose 

tissue represent the rate-limiting step in restoration of glucose homeostasis. Insulin 

enhances skeletal muscle glucose uptake by increasing translocation of intracellular 

stored GLUT4 glucose transporters to the plasma membrane through the 

phosphatidylinositol-3 kinase (PI3K) and Akt signaling pathway. Binding of insulin 

to the insulin receptor causes autophosphorylation of the cytosolic part of the receptor, 

leading to the binding of different scaffold proteins, including the insulin receptor 

substrate (IRS) proteins, and the Src-homology-2-containing protein (SH2), among 

others [1,2]. Phosphorylation of these scaffold proteins by the insulin receptor, in turn, 

employs various signalling pathways. Phosphorylation of IRS1 and IRS2 leads to 

their association with the p85 regulatory subunit of PI3K. This interaction recruits the 

p110 catalytic subunit of PI3K to the plasma membrane, resulting in conversion of 

phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

trisphosphate (PIP3). PIP3 facilitates additional signalling events by binding to 

phosphoinositide-dependent protein kinase-1 (PDK1), mechanistic target of 

rapamycin complex 2 (mTORC2) and Akt (also known as protein kinase B (PKB)). 
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Colocalization of mTORC2, PDK and Akt to plasma membrane facilitates activation 

of Akt by phosphorylation at Thr308 by PDK1 and Ser473 by mTORC2, leading to 

phosphorylation of downstream targets such as glycogen synthase kinase-3 (GSK-3) 

and the AS160 Rab GTPase-activating protein, which in turn interacts with the small 

GTPase Rab to facilitate translocation of GLUT4-containing vesicles to the cell 

surface (Figure 1) [3]. These actions of insulin promote glucose uptake and 

metabolism to supply energy for the cell. Impairments in the PI3K-Akt signaling 

pathway can lead to the development of insulin resistance. This literature review will 

discuss the important components of the insulin-signalling cascade and how some 

kinases play a major role in the development of insulin resistance.  

 

Figure 1: A simplified figure outlining the insulin-signaling pathway and the 

mechanism leading to GLUT4 translocation to the plasma membrane in skeletal 

muscle cells. After insulin binds to its receptor, downstream signaling molecules 

including IRS-1, PI3K, Akt, and AS160 are employed facilitating GLUT4 

translocation to the plasma membrane.  
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Insulin 

Insulin is a post-prandial hormone released from the pancreatic β-cells of the 

islets of Langerhans that stimulates glucose uptake into insulin-sensitive tissues. 

Structurally, insulin is a dipeptide protein hormone, containing an A and a B chain, 

linked by disulphide bridges, and containing 51 amino acids [4]. The A chain contains 

21 amino acids while the B chain has 30 amino acids. The A chain has an N-terminal 

helix linked to an anti-parallel C-terminal helix; the B chain has a central helical 

segment [5]. Physiological levels of insulin in the blood may be influenced by both 

nutrient and non-nutrient secretagogues (a substance that promotes secretion) 

[5]. Nutrient secretagogues, such as glucose, triggers insulin secretion by entering the 

pancreatic β cells via GLUT2 and is metabolized to produce ATP, which inhibits 

ATP-sensitive K+ channels, resulting in membrane depolarization, opening of voltage-

gated Ca2+ channels, and exocytosis of insulin. Characteristically, glucose-induced 

insulin secretion is biphasic, with an initial rapid phase of insulin secretion, followed 

by a less intense but more sustained release of the hormone [6]. Tchobroutsky et al 

1973 demonstrated that the maximal plasma insulin levels were observed 45 min 

postprandialy in nonobese, nondiabetic subjects (58 ± 8 µU/ml). Furthermore, obese 

nondiabetic subjects had higher plasma insulin values and reached maximal levels at 

60 min (56 ± 9 µU/ml) indicating insulin resistance [7]. After insulin is secreted into 

circulation and delivered to its target tissues including liver, adipose tissue, and 

skeletal muscle, it binds to the α subunit of its receptor (insulin receptor) located in 

the plasma membrane of the target tissues leading to the activation of signalling 

cascades that result in the hormone’s effect. 
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Insulin Receptor  

The insulin receptor is a tyrosine kinase. Structurally, it is a heterotetramer 

consisting of 2 α and 2 β glycoprotein subunits linked by disulphide bonds and 

located on the cell membrane (Figure 2) [8]. Insulin binds to the extracellular α 

subunit, resulting in conformational changes within the receptor. This leads to 

autophosphorylation of various tyrosine residues within the cytosolic domain of the β-

subunit.  The β-subunit is composed of three regions: the extracellular, 

transmembrane, and cytosolic domains [9]. The cytosolic tyrosine kinase domain has 

an ATP binding consensus sequence and three groups of tyrosine residues that can be 

phosphorylated in response to insulin [9]. The three clusters are found in the 

juxtamembrane domain residues, the “tri-tyrosine” residues in the tyrosine kinase 

domain, and carboxyterminal residues (Figure 2) [9]. The three tyrosine residues 

within the kinase domain are the earliest major autophosphorylation sites and 

phosphorylation of these residues is necessary for the kinase activation [10–12]. 

Tyrosine phosphorylation in the juxtamembrane domain creates recruitment sites for 

downstream signaling proteins (i.e IRS proteins) containing a phosphotyrosine-

binding (PTB) domain [13]. The IRS proteins can then bind and affect other 

signalling molecules which mediate further cellular actions of insulin [8]. There are a 

total of 13 tyrosine residues that have been identified in the β-subunit. The key 

tyrosine residues in the juxtamembrane region on the β-subunit are tyrosine residues 

953, 960, and 972. The catalytic domain “Tri-tyrosine” contains tyrosine residues 

1146, 1151, and 1152. Lastly, the COOH-terminal domain contains tyrosine residues 

1316 and 1322. It is important to mention that the catalytic domain corresponds to 

~50% of the receptor’s autophosphorylation activity, 30-35% of the activity 

corresponds to the COOH-terminal domain and 15% corresponds to the 
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juxtamembrane domain. This emphasizes the importance of conserving the tyrosine 

residues in the β-subunit. Studies have indicated that point mutation/substitution of 

the tyrosine residues on the insulin receptor with phenylalanine results in inhibition of 

the insulin-stimulated autophosphorylation and decreased glucose uptake [9,14]. In 

addition, removal of all tyrosine residues in all three domains of the β-subunit 

abolished the insulin-stimulated effects [14].  

 

 

 

 

 

 

 

Figure 2: A simplified structural figure of the insulin receptor. The insulin receptor is 

a heterotetramer consisting of 2 α and 2 β glycoprotein subunits linked by disulphide 

bonds and located on the cell membrane.  

Insulin receptor substrate (IRS) proteins  

There are four known IRS proteins (IRS-1 to -4) [9]. IRS-1 and -2 are the two 

main IRS proteins widely expressed in human tissues [15]. IRS-1 (180 kDa) is 

phosphorylated by the insulin receptor in response to insulin. IRS-1 is proposed to be 

the major IRS in skeletal muscle and adipose tissue [15]. IRS-2, characterized as the 

main IRS in the liver, mediates peripheral actions of insulin and growth of pancreatic 

β cells [16]. IRS-3 and -4 are less understood. IRS-3 is distinctly found in rodents, and 

found only in adipose tissue, β cells and the liver. IRS-4 is mainly expressed in the 
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hypothalamus in humans [17]. Tyrosine phosphorylated IRS proteins bind specific 

src-homology-2 (SH2) domain-containing proteins, which include important enzymes 

such as PI3K. The interaction between IRS proteins and PI3K promotes the 

translocation of GLUT4-containing vesicles to the cell surface, glycogen, lipid and 

protein synthesis, anti-lipolysis and the control of hepatic gluconeogenesis [18].   

Overexpression of human recombinant IRS-1 in L6 rat skeletal muscle cells 

resulted in a significant increase in basal and insulin-stimulated glucose uptake [19]. 

These effects were associated with increased GLUT4 translocation to the cellular 

membrane indicating that IRS-1 plays a major part in the insulin signaling pathway 

[19]. Additionally, insulin-induced PI3K activity associated with IRS-1 was also 

increased in these cells compared to control. Silencing the IRS-1 gene using small 

interfering RNA (siRNA) showed significant reduction in insulin-stimulated glucose 

uptake and GLUT4 translocation adding more evidence to the importance of IRS-1 in 

regulating glucose uptake [20].  

On the other hand, skeletal muscle biopsies from type 2 diabetic subjects 

showed impaired insulin-stimulated tyrosine phosphorylation of IRS-1 and PI3K 

activity without these effects being associated with reduced protein expression of the 

IR, IRS-1 or the p85 subunit of PI3K [21]. However, impaired glucose transport 

activity was observed at all insulin concentrations (0.6-60 nM) indicating that 

something is inhibiting insulin-stimulated glucose uptake [21]. A study done on intact 

muscle strips from obese patients showed a significant reduction of insulin-stimulated 

IRS-1 phosphorylation and PI3K activity, along with a 53% decrease in glucose 

uptake compared to control [22]. Furthermore, in lean T2DM subjects, insulin-

stimulated IRS-1 phosphorylation and PI3K activation was significantly reduced in 

comparison to healthy individuals [23]. This reduction was not related to changes in 
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IRS-1 protein content [23]. In primary skeletal muscle cells derived from prediabetic 

(insulin resistant) patients, the level of insulin-induced glucose uptake was reduced by 

30-50% compared to that of control, which was associated with reduced IRS-2 

tyrosine phosphorylation and impaired IRS-2 activation of PI3K in response to insulin 

[24]. Another study, demonstrated that knockdown of the IRS-1/2 gene in mice led to 

the development of insulin resistance and diabetes indicating that both IRS-1/2 play a 

crucial role in the insulin signaling in vivo [25,26]. From the above mentioned studies, 

it is clear that obese and T2DM individuals display reductions in IRS tyrosine 

phosphorylation and IRS-associated PI3K activity which results in decline in insulin-

stimulated glucose uptake in skeletal muscle tissue. 

Importance of Phosphatidylinositiol-3-kinase (PI3K) in Insulin Signaling 

PI3Ks are a family of lipid kinases involved in phosphorylating the 3´-

hydroxyl group of phosphatidylinositol-4,5-bisphosphate (PIP2) to produce 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) [27]. The PI3K family is divided into 

three classes of highly conserved proteins with different substrate preference and 

regulation mechanisms [28]. Class I PI3Ks are heterodimers consisting of two 

subunits, the catalytic subunit (p110α, p110β, p110δ and p110γ) and the regulatory 

subunit p85, which contains SH2 domains [29]. There are also various isoforms of the 

regulatory p85 subunit (p85α, p55α, p85β, and p55γ) [30]. Each p85 subunit contains 

two SH2 domains, which bind to tyrosine phosphorylated motifs on IRS proteins and 

growth factor receptors. Furthermore, PI3K-related protein kinases (PIKKs), such as 

the mechanistic target of rapamycin (mTOR) and DNA-dependent protein kinase 25 

(DNA-PK), are generally referred to as class IV PI3Ks because they contains a similar 

catalytic core as PI3Ks [31]. 
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The phosphorylated downstream effectors of PI3Ks, including Akt, mTOR, 

PDK1, and AMPK, initiate a signaling cascade that is connected with several cellular 

activities such as cell survival, growth, proliferation, migration, apoptosis and 

angiogenesis [32]. Activated by receptor tyrosine kinases (p110α, p110β and p110δ) 

and G-protein coupled receptors (p110γ), class I PI3Ks control most characterised 

PI3K signaling affects through the formation of PIP3. This, recruits downstream 

effectors such as Akt, PDK1, and the two mTOR complexes, mTORC1 and mTORC2 

[33]. The phosphatase and tensin homologue deleted on chromosome ten (PTEN) 

functions as a negative regulator by promoting the conversion of PIP3 to PIP2. 

Many studies have shown activation of PI3K by insulin. Intraportal injection 

of insulin into anesthetized rats resulted in a 2-fold stimulation of PI3K activity in 

liver and muscle extracts, and a 10- to 20-fold increase in PI3K activity in IRS-1 

immunoprecipitates [34]. Exposure of L6 myotubes to insulin resulted in a 2-fold 

increase of glucose uptake which was associated with a 2 to 3-fold increase in PI3K 

activity [35]. Overexpression of the PI3K catalytic subunit p110α in 3T3-L1 

adipocytes resulted in a 1.4 fold increase in basal glucose transport in comparison to 

the control group [36]. These effects were associated with increased translocation of 

GLUT4 to the membrane [36]. On the other hand, mice with heterozygous loss of 

p110α +/- p110β+/- exhibited 40% reduction in insulin- induced IRS-1 associated 

PI3K activity. Also, a 50% reduction in PI3K activity in muscle tissue resulted in 

hyperinsulinemia and mild glucose intolerance in the fasted state [37]. Similarly, mice 

deficient in p85α and p85β regulatory subunits of PI3K showed impaired PI3K 

signaling in muscle, insulin resistance and glucose intolerance [38]. Furthermore, 

human skeletal muscle cells isolated from T2DM subjects showed decreased IRS-1 

tyrosine phosphorylation, decreased association of PI3K with IRS-1 and PI3K activity 
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in response to insulin compared to skeletal muscle cells from healthy subjects [39]. 

Exposure of 3T3-L1 adipocyte to LY294002, a PI3K inhibitor, completely abolished 

GLUT4 translocation to the plasma membrane and blocked the insulin-induced 

glucose uptake [40]. Furthermore, treatment of rat adipocytes with wortmannin, 

another PI3K inhibitor, abolished the insulin-stimulated PI3K activation and 

abolished the insulin-stimulated glucose uptake [41]. Therefore, the above mentioned 

in vitro and in vivo studies provide concrete evidence of the importance of PI3K in 

basal- and insulin- stimulated glucose uptake.  

Importance of Protein Kinase B (Akt /PKB) in Insulin Signaling  

Akt is a 60 kDa serine/threonine kinase located downstream of PI3K and can 

become activated by insulin and other growth factors, such as platelet derived growth 

factor (PDGF), and epidermal growth factor (EGF) [42]. Insulin-stimulated Akt 

activation leads to GLUT4 translocation and increased glucose uptake specifically in 

skeletal muscle and adipocytes. Apart from glucose uptake, and control of cellular 

metabolism [43], Akt also has mitogenic functions [44] and regulates cell growth and 

survival.  

There are three isoforms of Akt (Akt1, Akt2, and Akt3) [45]. Akt1 is the most 

ubiquitously expressed isoform in mammalian tissues. Akt2 is expressed in insulin 

target tissues including adipose, liver and skeletal muscle cells. Akt3 is expressed in 

low levels in mammalian cells excluding the testes and brain. Akt kinases belong to 

the AGC kinase family, which is related to AMP/GMP kinases and protein kinase C 

(PKC). Akt kinases consist of three conserved domains, an N-terminal pleckstrin 

homology (PH) domain, a central kinase catalytic (CAT) domain and a C-terminal 

extension (EXT) containing a regulatory hydrophobic motif (HM) [45]. Between the 

Akt isoforms, the PH domains are approximately 80% identical and around 30% 
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identical to PH domains in pleckstrin and other proteins [45]. The PH domain 

facilitates the binding of Akt to the PIP3 and 3-phosphoinositides that are generated 

by PI3K [30]. In order for Akt to be activated, there are two specific sites, one in the 

CAT domain (Thr308) and the other in the EXT region (Ser473), that need to be 

phosphorylated for full activation of Akt [30]. Inactivated Akt is mostly located in the 

cytoplasm, and some of it translocate to the plasma membrane upon PI3K activation 

[43].  

To investigate Akt's role in glucose uptake and homeostasis, studies have used 

a constitutively active mutant of Akt in 3T3-LI adipocytes [42]. Overexpression of a 

constitutively active mutant of Akt resulted in a significant increase in GLUT4 

translocation and increased glucose uptake in the absence of insulin [42]. A study 

demonstrated that constitutively active Akt1 stimulates glucose uptake in both 

Chinese hamster ovary (CHO) and 3T3-L1 cells overexpressing GLUT4 [46]. On the 

other hand, inhibition of Akt function by small interference RNA (siRNA) 

significantly reduces insulin-stimulated glucose uptake [46]. Bae et al (2013) 

demonstrated that Akt2-null adipocytes derived from immortalized mouse embryo 

fibroblasts (MEFs) showed significantly decreased insulin-stimulated glucose uptake, 

and plasma membrane GLUT4 translocation [47]. These effects were restored with re-

expression of Akt2 [47]. Mice with homozygous loss of Akt2-/- displayed fasting 

hyperglycemia and impairment in the insulin-induced 2-deoxyglucose uptake in 

muscle tissue in vitro [48]. Similarly, Akt2-null mice had impaired insulin action in 

addition to hyperglycemia [49]. Adipocytes that were isolated from T2DM subjects 

exhibited a reduction in insulin-induced glucose uptake (60%) that was associated 

with a decrease in insulin-induced serine phosphorylation and activation of Akt in 

comparison to healthy controls [50].  
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Use of a dominant inhibitory mutant of Akt that is kinase-deficient, resulting 

from the substitution of an alanine for lysine at the 179 residue in the canonical ATP-

binding domain, failed to cause GLUT4 translocation to the plasma membrane of 

adipocytes, even in the presence of insulin-stimulation [5]. The abovementioned 

studies indicate that Akt plays a critical role in insulin-stimulated GLUT4 trafficking 

to the cell membrane and loss of Akt function leads to insulin resistance and T2DM.  

Importance of Akt substrate of 160 kDa (AS160) in Insulin Signaling 

Akt has diverse targets, however AS160 is among the most important for 

GLUT4 translocation. AS160 is a GTPase-activating protein (GAP) toward small G 

proteins of the Rab family. Lienhard and colleagues [3,51] demonstrated that insulin-

dependent Akt-mediated phosphorylation of AS160 inhibits its GAP activity, 

effectively allowing activation of Rab G proteins. AS160 mutants prevent insulin-

stimulated GLUT4 translocation in adipocytes and muscle cells [3,52–54]. 

Conversely, siRNA-targeting AS160 in both muscle and adipose cells increased 

GLUT4 translocation to the plasma membrane in the absence of insulin. Therefore, it 

is clear that AS160 is a key regulator in the insulin signaling cascade [55,56]. 

Rab G proteins are molecular switches that, in their GTP-bound form, transmit 

signals to downstream effectors and hence are crucial parts of the insulin signaling 

pathway. Rab GTPases are regulators of intracellular vesicle traffic through 

employment of mechanical effectors responsible for vesicle budding, mobilization, 

and fusion [57]. Given that the human genome encodes for at least 60 Rab GTPases 

[58], it becomes important to identify those that are specific substrates of AS160, 

since those would be activated in response to insulin. Rab8A, Rab10, Rab13 are the 

molecular switches of insulin signaling downstream of Akt. In in vitro, a number of 

Rab proteins are targets of the TBC domain (GAP activity domain) of AS160 [51], 



	 12	

specifically Rabs 2A, 8A, 10, and 14, and all but Rab2A are found in membranes 

enriched in GLUT4 isolated from mouse 3T3-L1 adipocytes [51,59]. Further studies 

in 3T3-L1 adipocytes identified Rab10 as being necessary for GLUT4 translocation, 

with a minor contribution from Rabs 8A and 14, possibly each acting at distinct steps 

in vesicular traffic [60] . Additional studies, demonstrated that Rab14 plays a role in 

the endocytic transit of GLUT4 en route to the insulin-responsive compartment 

[61,62]. Interestingly, in rat muscle cells Rab8A is required for insulin-dependent 

GLUT4 translocation whereas Rab10 is dispensable [52–54]. These differences were 

first observed in experiments where knockdown of Rab10 in adipocytes and of Rab8A 

in muscle cells decreased GLUT4 translocation caused by silencing AS160. By the 

same experimental paradigm, Rab14 was positioned as a target of TBC1D1, an 

AS160-related GAP [63]. It is important to note that Rab8A and Rab13, but not 

Rab10, are activated by insulin. From the in vitro and in vivo studies present in the 

literature it is already established that IRS, PI3K and Akt are important proteins 

involved in the action of insulin and glucose homeostasis, and that altering the 

content/expression of these proteins in different experimental models has a serious 

impact on the insulin-induced glucose uptake. The following section will discuss how 

mutations/ impairments of the insulin signaling cascade can lead to the development 

of insulin resistance.  

1.2 Insulin Resistance  

Insulin resistance is a state in which the major insulin target tissues such as 

skeletal muscle, adipose and liver do not respond to physiological levels of insulin 

(57–79 pM); classically this refers to impaired insulin sensitivity. In most cases, 

insulin resistance manifests at the cellular level via receptor or post-receptor defects in 

insulin signalling. Insulin-induced glucose uptake, utilization and storage of glucose 
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in insulin target tissues is impaired [64,65]. Build-up of ectopic lipid metabolites, 

nutrient overload, and increased activation of the unfolded protein response pathway 

have all been associated with the development of insulin resistance. This section of 

the literature review will focus on nutrient overload-induced insulin resistance and 

hyperinsulinemia-induced insulin resistance. 

 

Nutrient overload–Induced Insulin Resistance 

Accumulating data suggest that nutrient overload and obesity are critical risk 

factors for the development of insulin resistance and T2DM. Notably, the 

accumulation of three major nutrients: free fatty acids, glucose and amino acids 

exacerbates the development of insulin resistance. 

Free Fatty Acids (FFA)-Induced Skeletal Muscle Insulin Resistance 
 

The connection between lipids and insulin resistance is universally accepted 

[66]. A study done by Randle et al., 1963, demonstrated that fatty acids impaired 

insulin-stimulated glucose uptake in rodent heart and diaphragm muscle by inhibition 

of pyruvate dehydrogenase leading to decreased glucose oxidation [67]. Acute (less 

than 2 h) lipid infusions in rats resulted in decreased myocellular glucose utilization 

and increased intramyocellular glucose 6-phosphate (G6P) concentrations, supporting 

the hypothesis of Randle [68]. However, this does not explain insulin resistance in 

chronic disease states where reductions in both insulin-stimulated muscle glycogen 

synthesis and glucose oxidation are observed [69]. Subsequent in vivo studies 

measuring intramyocellular glucose and glucose-6-phosphate (G6P) levels in insulin 

resistant, T2DM subjects, and during chronic (3-6 h) infusion of lipid in both rodents 

and humans have shown decreased insulin-stimulated glucose transport activity, due 

to impairments in insulin signaling [70–73].  Furthermore, insulin resistance could be 
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attributed to defects in GLUT4 translocation due to impairments in insulin signaling 

[74,75]. Other studies indicated that Ser phosphorylation of IRS-1 is increased in the 

presence of increased saturated fatty acid since treatment of 0.09 g/kg of palmitic acid 

in rats resulted in increased serine phosphorylation and reduced glucose uptake [76].  

Lipoprotein lipase (LpL) is a major enzyme for the hydrolysis of circulating 

triglyceride, thus permitting fatty acid tissue uptake through specific fatty acid 

transport proteins (FATPs) together with CD36. Overexpression of LpL in muscles 

promoted lipid uptake and muscle insulin resistance [77]. On the contrary, gene 

knockout of LpL [78], or CD36 [79,80] or FATP1 [81] protected mice from muscle 

lipid buildup and muscle insulin resistance induced by high-fat diets. Upon cellular 

uptake, fatty acids are esterified with coenzyme A to fatty acyl-CoAs, which are 

subsequently transferred to a glycerol backbone to form mono-, di-, and 

triacylglycerols [66]. Furthermore, esterification with sphingosine produces ceramides. 

Studies in normal weight, non-diabetic adults showed that intramyocellular 

triglyceride levels was a better predictor of muscle insulin resistance than circulating 

levels of fatty acids [82]. This indicates that intramyocellular lipids may cause muscle 

insulin resistance. However, in normal rats, intralipid/ heparin infusions to raise 

plasma fatty acids, led to the development of muscle insulin resistance. This was 

associated with the accumulation of intramyocellular diacyglycerol (DAG). This 

accumulation resulted in defects in insulin signaling and muscle glucose uptake 

independent of changes in muscle triglyceride content. This observation dissociates 

muscle triglyceride concentrations from insulin resistance [83,84]. DAG functions as 

a second messenger-signaling lipid that activates members of the protein kinase C 

(PKC) family. Muscle lipid accumulation was correlated with activation of the novel 

PKC (nPKC) isoform, PKC-θ, suggesting a correlation between lipid accumulation 
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and alteration in intracellular signaling. Itani et al 2002, demonstrated similar results 

that linked DAG-mediated activation of PKC and muscle insulin resistance in humans 

[85]. Furthermore, treatment of L6 skeletal muscle cells with palmitate (0.75mM, 16 

h) markedly decreased glucose uptake, which was associated with decreased GLUT4 

translocation to the cell membrane [86]. Together, these studies support the paradigm 

that DAG accumulation in muscle can lead to the development of insulin resistance 

via activation of nPKC’s, which will be discussed in the next section.  

High Glucose–Induced Skeletal Muscle Insulin Resistance  
 

This section will focus on studies utilizing high glucose levels to induce 

insulin resistance. The studies are organized based on in vitro and in vivo work to 

allow readers to extract information more efficiently. 

In vitro studies 

 Exposure of L6 skeletal muscle cells to high glucose (30 mM, 24 h) decreased 

insulin-stimulated glucose uptake [87] (Table 1). These effects were associated with 

decreased phosphorylation of IRS-1, Akt, and AMPK levels [87]. In addition, high 

glucose treatment increased phosphorylation of JNK [87]. Therefore, these findings 

suggest a link between high glucose and insulin resistance in muscle cells, and 

provide further evidence that JNK plays a role in the development of insulin 

resistance. Incubation of rat EDL in high glucose (25 mM) significantly attenuated 

AMPK activity by 50% within 30 min, with a time dependent increase occurring at 1 

and 2 h. The decreased activity at 30 min coincided with increased muscle glycogen 

[88] (Table 1). Furthermore, the decrease in AMPK activity at the 1 h point was 

associated with phosphorylation of AMPK and inhibition at Ser485/491, whereas the 

decrease at the 2 h point was associated with decreased SIRT1 expression and 

increased protein phosphatase 2A (PP2A) activity all of which reduced AMPK 
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activity [88]. Exposure of L6 myotubes to high glucose (25 mM, 24 h) resulted in 

decreased insulin-stimulated glucose uptake while no significant change in glucose 

uptake was observed at basal level [89]. These effects were associated with decreased 

insulin receptor, IRS-1, PI3K and Akt mRNA expression due to increased double 

stranded RNA (dsRNA) activated protein kinase R (PKR) [89] (Table 1). From the 

above studies there is a clear link between high glucose concentrations and the 

development of insulin resistance.  

Table 1: High glucose–induced skeletal muscle insulin resistance: in vitro 
 
Reference Cell type/ 

Muscle 
Dose 

/Duration 
Findings Mechanism 

[87] L6 skeletal 
muscle 
cells 

Glucose 
30 mM, 24 h 

↓ insulin-stimulated 
glucose uptake 

↑ JNK 

↓ IRS-1 (tyr) 

↓ Akt 

↓ AMPK  

↓ ACC 

[88] rat EDL Glucose 
25 mM, 0.5, 1, 

and 2 h 

↓ AMPK Thr172 
phosphorylation 

 

↑ AMPK 
Ser485/491 

↑ muscle glycogen 
levels 

↑ PP2A acitivity 

↓ SIRT1 
expression 

[89] L6 skeletal 
muscle 
cells 

Glucose 25 
mM, 24 h 

↓ insulin-stimulated 
glucose uptake 

↓ IR, IRS-1, PI3K 
and Akt mRNA 
expression  

 

In vivo studies 
 

Intravenous infusion of glucose (40 mg/kg/min, 1 or 4 days) to rats to induce 

hyperglycaemia, resulted in myotubular lipid accumulation and decreased in 

gastrocnemius muscle glucose uptake and glycogen content [90] (Table 2). This was 
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associated with accumulation of long-chain acyl-CoA (LCA-CoA), either directly or 

via chronic activation of PKC-ε [91]. Another study showed that sucrose rich diet 

feeding of rats increased intramyotubular TG concentrations in gastrocnemius muscle 

and deteriorated insulin secretion and sensitivity [92] (Table 2). Interestingly, from 

these in vivo models the source of the increased intramyotubular TG content is 

unknown and further research must be done.  
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Table 2: High glucose–induced skeletal muscle insulin resistance: in vivo 
  

Reference Animal Dose /Duration Findings Mechanism 

[90]  

[91] 

Rats  Glucose 40 
mg/kg/min, 1 or 4 
days 

↑ gastrocnemius 
myotubular 
lipids 

↓ glucose uptake  

↓ glycogen 
content 

 

↑ PKC-ε 

[92] Rats   sucrose rich diet ↑ gastrocnemius 
intramyotubular 
TG 

↓ insulin 
secretion and 
sensitivity 

 

 

Hyperinsulinemia-Induced Insulin Resistance 

Prolonged hyperinsulinemia has profound effects on inducing insulin 

resistance. This is supported by a study demonstrating that chronic insulin treatment is 

sufficient for preventing acute insulin action on GLUT4 translocation in adipocytes 

[93] (Table 3). The effects of chronic hyperinsulinemia were also tested in cultured 

human myoblasts. Culturing the cells with high insulin (1430 pM, 3 weeks) decreased 

insulin-stimulated Akt phosphorylation and glucose uptake [94]. Exposure of neonatal 

rat ventricular cardiomyocytes to chronic insulin (100 nM, 24 h) resulted in decreased 

insulin-stimulated Akt and forkhead transcription factor forkhead box class O1 

(FOXO1) [95]. These effects were associated with increased p38 MAPK and 

decreased protein levels of IRS-1 and IRS-2 by 40 and 60%, respectively [95] (Table 

3).  

Furthermore, chronic hyperinsulinaemic rats demonstrate insulin resistance 

and reduced levels of glycogen content in liver and muscle. These effects were 
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associated with increased mTOR and PTP1B activity [96] (Table 3). Exposure of 

C57BL/6 mice to insulin for 8 weeks (once a day) decreased the number and size of 

pancreatic islets, increased ectopic fat accumulation in liver, but not in gastrocnemius 

muscle, and increased oxidative stress and cholesterol content in mitochondria of liver 

and pancreas, indicating insulin resistance and development of T2DM [97] (Table 3). 

These studies indicate that chronic hyperinsulinemia can exacerbate the development 

of insulin resistance. 

Table 3: Hyperinsulinemia-induced insulin resistance.  
 
Reference Cell type / 

Animal 
Dose/ Duration Findings Mechanism 

[93] Adipocytes  10 nM, 16 h ↓ insulin-
stimulated Akt 
and FOXO1  
 

 

[94] Primary human 
muscle cells 

1430 pM, 3 weeks ↓ insulin-
stimulated Akt 
and glucose 
uptake  
 

 

[95] Cardiomyocytes 

 
 

100 nM, 24 h ↓ insulin-
stimulated Akt 
and FOXO1  
 
↓ IRS-1 (40%)  
↓ IRS-2 (60%) 
 

 

[96] Rats 3 mU·kg−1·min−1, 
2 h 

↑ Insulin 
resistance  

↑ mTOR 
↑ PTP1B 

[97] C57BL/6 mice 50 Unit/kg body 
weight, 8 weeks 

 

↓ pancreatic 
islets 
↑ cholesterol  
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Hyperglycemia and Hyperinsulinemia-Induced Skeletal Muscle Insulin 

Resistance 

There are a limited number of studies examining the effects of both 

hyperglycemia and hyperinsulinemia in skeletal muscle and the exact molecular 

mechanisms are still not fully characterized. The following sections present studies 

focusing on the effects of hyperglycaemia and hyperinsulinemia on insulin 

responsiveness.  

Preincubation of L6 cells for 24 h with 25 mM glucose (HG) and 100 nM 

insulin (HI) reduced the insulin-stimulated glucose uptake and GLUT4 translocation 

by 50% without affecting GLUT4 expression [98] (Table 4). Furthermore, insulin 

receptor and IRS-1 tyrosine phosphorylation, PI3K activity and Akt phosphorylation 

by insulin were also diminished [98]. However, basal glucose uptake increased by 

40% without any gain in surface GLUT4. Lastly, basal p38 mitogen-activated protein 

kinase (MAPK) but not JNK and ERK phosphorylation and activity was increased 

[98]. The increase in basal glucose uptake was associated with increased p38 MAPK 

activity that was proposed to increase GLUT4 activity. Another study took advantage 

of this experimental paradigm to promote insulin resistance in L6 myocytes and tested 

whether this could be prevented by p90 ribosomal S6 kinase 1(RSK1) inhibition [99]. 

The study concluded that expression of a dominant negative mutant of RSK1 (RSK1-

DN) induced a significant 1.6-fold improvement of glucose uptake, consistent with a 

role for RSK1 in the promotion of insulin resistance in myocytes exposed to HG and 

HI medium. Furthermore, even with HG and HI medium RSK1-DN was able to 

reduce IRS-1 phosphorylation on Ser-1101 in both basal and 

hyperglycemic/hyperinsulinemic conditions and restored the insulin-stimulated Akt 

phosphorylation on both Ser-473 and Thr-308 residues [99] (Table 4). A more recent 
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study demonstrated that exposure of L6 cells to HG+HI for 24 h increased 

endoplasmic reticulum stress and decreased autophagic flux [100]. Since ER stress 

induces release of calcium from the ER lumen and triggers production of 

mitochondrial ROS, finding compounds that can act as antioxidants may control ROS 

production and ER stress associated insulin resistance [101]. The link between ER 

stress and insulin resistance has been shown to involve obesity induced JNK 

activation, and subsequent Ser307 phosphorylation of IRS1 in insulin target tissues 

(liver, muscle and adipose tissue) [102].  
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Table 4: Hyperglycemia and Hyperinsulinemia-Induced Insulin Resistance 

  
Reference Cell type Dose /Duration Findings Mechanism 

[98] L6 
myotubes  

High glucose (25 
mM) and high 
insulin (100 nM), 24 
h 

↓ insulin-
stimulated 
glucose uptake  

↓ GLUT4 
translocation   

↓ p(tyr)-IR 

↓ p(tyr)-IRS-1 

↓ Akt 

↑ p38 MAPK 

[99] L6 
myotubes  

High glucose (25 
mM) and high 
insulin (100 nM), 24 
h 

↓ insulin-
stimulated 
glucose uptake 

↑ RSK1 

[100] L6 
myotubes 

High glucose (25 
mM) and high 
insulin (100 nM), 24 
h 

↓ insulin-
stimulated 
glucose uptake 

↑ endoplasmic 
reticulum stress 

↓ autophagic 
flux 

 

Mechanisms Underlying Insulin Resistance  

Serine phosphorylation of IRS-I and insulin resistance 
 

As mentioned before, increased phosphorylation of serine residues on IRS-1 

proteins has been correlated with decreased PI3K/Akt signaling cascade and 

ultimately decreased insulin-stimulated glucose uptake. Structurally, IRS proteins are 

characterized by the presence of an NH2-terminal PH domain adjacent to a PTB 

domain, followed by a COOH-terminal tail that contains numerous tyrosine and 

serine/threonine phosphorylation sites [103]. Furthermore, the PH domain mediates 

cell membrane interactions and PTB domain binds to the phosphorylated insulin 

receptor. The COOH-terminal of each IRS protein has more than 30 potential tyrosine 

phosphorylation sites that act as on/off molecular switches to transduce insulin action. 

Exposure of CHO cells to anisomycin, a strong activator of JNK, stimulates the 
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activity of JNK bound to IRS-1 and increases Ser307 phosphorylation of IRS-1(Table 

5) [104]. In addition, substitution of Ser307 with alanine eliminated phosphorylation 

of IRS-1 by JNK and abolished the inhibitory effect on insulin-stimulated tyrosine 

phosphorylation of IRS-1 [104] (Table 5). The same group also revealed that TNF-α, 

IGF-1, or insulin-stimulated phosphorylation of IRS-1 at Ser307 in 3T3-L1 

preadipocytes and adipocytes and this phosphorylation was inhibited by LY294002 or 

wortmannin, potent PI3K inhibitors, whereas TNF-α–stimulated phosphorylation was 

inhibited by PD98059, MEK1 and MEK2 inhibitor [105], indicating that there are 

different kinase pathways that are implicated. Furthermore, in a yeast tri-hybrid assay, 

the phosphorylation of IRS-1 Ser307 by JNK1 disrupted the interaction between the 

catalytic domain of the insulin receptor and the PTB domain of IRS-1 [106]. Exposure 

of NIH 3T3 fibroblasts to TNF-α inhibited insulin-stimulated tyrosine 

phosphorylation of IRS-1 [107], which was blocked by rapamycin, mTOR inhibitor. 

Furthermore, mTOR induced the Ser636/639 phosphorylation of IRS-1, and such 

phosphorylation was inhibited by rapamycin [107]. Tremblay and Marette 

demonstrated that Ser636/639 was also increased by exposure of L6 muscle cells to 

high levels of BCAAs via mTOR and p70 S6k-dependent mechanism [108]. 

Expression of wild-type GSK-3 in CHO cells that overexpress IRS-1 and IR increased 

serine phosphorylation of IRS-1 and decreased tyrosine phosphorylation of IRS-1 

[109]. This finding suggests that IRS-1 is a molecular target of GSK-3. In a recent 

study, Ser332 was identified as the GSK-3 target in the IRS-1 protein [110]. Mouse 

embryonic fibroblasts (MEFs) lacking eIF4E-binding proteins (4E-BPs), a 

translational modulator located downstream of mTOR, showed an increase in 

Ser636/639 and Ser1101 phosphorylation of IRS-1 and increased sensitivity to fat-

induced insulin resistance [111] (Table 5).Another study demonstrated that exposure 
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of human umbilical vein endotheilial cells (HUVECs) to palmitate (100 µM, 24 h) 

caused insulin resistance and increased Ser307 phosphorylation of IRS-1 [112]. These 

effects were associated with increased inhibitor of kappa B kinase (IKK) [112]. The 

effects of hyperglycaemia and hyperinsulinema on serine phosphorylation of IRS-1 

were also studied. Exposure of L6 myotubes to HG+HI for 24 h resulted in increased 

Ser1101 phosphorylation on IRS-1 [99] (Table 5). Both of these residues are 

associated with down regulation of insulin signaling [113,114], and increased 

Ser636/639 phosphorylation has been demonstrated to be associated with T2DM 

[113]. Another study in adipocytes demonstrated increased phosphorylation of Ser318 

of IRS-1 in the presence of HG+HI environment via PKC-ζdependent mechanism 

[115]. ob/ob mice fed with a HFD also demonstrated increased phosphorylation of 

both Ser307 and Ser636/639 in adipose tissue [116]. Another study demonstrated that 

mitogen activated protein kinase (MAPK) improves insulin sensitivity by decreasing 

Ser612 phosphorylation on IRS-1, indicating that Ser612 negatively regulate the 

insulin pathway [117]. From the above mentioned studies there is an indication that 

increased serine (-307, -318, -612, -636/639, and 1-101) phosphorylation of IRS-1 is 

associated with decreased insulin sensitivity. The next section will go over some of 

the main kinases that mediate serine phosphorylation of IRS-1.  
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Table 5: Kinases involved in increased serine phosphorylation sites of IRS-1. 
 

Reference Stimuli Upstream 
kinases 

Serine 
Residue 
of IRS-1 

Cell line/ 
Tissue 

Effect on 
Insulin 

Signaling 
[104] anisomycin ↑JNK 307 CHO cells ↓ insulin 

signaling 
pathway 

[105] TNF-α 
IGF-1 
insulin 

↑JNK 307 3T3-L1 
preadipocytes 
and adipocytes 

↓ insulin 
signaling 
pathway 

[107] TNF-α 
 

↑ mTOR 636/639 NIH 3T3 
fibroblasts 

↓ insulin 
signaling 
pathway 

[108] BCAAs ↑ mTOR 
↑ p70 S6K 

636/639 L6 myotubes ↓ insulin 
signaling 
pathway 

[110]  ↑ GSK-3 332 CHO cells ↓ insulin 
signaling 
pathway 

[111] 
 

 ↑ mTOR 
↑ p70 S6K 

636/639 MEFs  ↓ insulin 
signaling 
pathway 

[112] Palmitate ↑ IKK 307 HUVECs ↓ insulin 
signaling 
pathway 

[99] HG+HI ↑ RSK1 1101 L6 myotubes  ↓ insulin 
signaling 

[115] HG+HI ↑ PKC-ζ 318 Adipocytes ↓ insulin 
signaling 

[116] HFD ↑ p70 S6K 
 

307 
636/639 

Liver, muscle 
and adipose 
tissue 

↓ insulin 
signaling 
pathway 

[117]  ↑ Erk 612 Liver ↓ insulin 
signaling 
pathway 
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Kinases involved in serine phosphorylation of IRS-1 and insulin resistance 

The Glycogen synthase kinase-3 (GSK-3) pathway 
 
 While the etiology of insulin resistance is multifactorial, one factor connected 

with impaired insulin action is enhanced activity of the serine/threonine 

kinase glycogen synthase kinase-3 (GSK-3) in liver, skeletal muscle, and adipose 

tissue [118]. GSK-3 controls numerous cellular functions, including glycogen and 

protein synthesis by insulin, gene transcription, and cell differentiation [118]. GSK-3 

phosphorylates and inactivates glycogen synthase and is involved in the PI3K/Akt 

survival pathway. GSK-3 is encoded by two genes in mammals, generating two 

ubiquitously express homologues, GSK-3α and GSK-3β (51 and 47 kDa, 

respectively) [119]. Both isoforms have an inhibitory serine phosphorylation site 

(Ser21 for GSK-3α and Ser9 for GSK-3β) and a catalytic tyrosine activation site 

(Tyr279 for GSK-3α, and Tyr216 for GSK-3β) [120]. GSK-3 is mostly found active.  

The most fully documented pathway for the inactivation/supression of GSK-3 is in 

response to the hormone insulin and is mediated by Akt, which is located upstream of 

GSK-3 [121]. Eldar-Finkelman and Krebs in 1997 were the first to demonstrate that 

GSK can phosphorylate IRS-1 on serine residues, leading to impaired action of IRS-1 

and decreased insulin signaling [109]. This was demonstrated by expression of wild-

type GSK-3 or an unregulated mutant form of the kinase in CHO cells overexpressing 

IRS-1 and IR, which resulted in increased serine phosphorylation levels of IRS-1 

[109]. Subsequently, it has been shown that GSK-3 can phosphorylate IRS-1 on 

Ser332 [110] and IRS-2 on Ser484 [122] in vitro. Importantly, in vivo studies have 

demonstrated overactivity of GSK-3 in skeletal muscle of obese, type 2 diabetic 

humans [123] and in skeletal muscle and other tissues of several rodent models of 

obesity-associated insulin resistance, including the pre-diabetic obese Zucker rat [124], 
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and the type 2 diabetic ZDF rat [125]. The above mentioned studies support that a 

decreased ability of insulin to suppress GSK-3 activity is a common characteristic in 

the development of skeletal muscle insulin resistance and finding GSK-3 inhibitors 

might be beneficial for the treatment of diabetes.  

Insulin Resistance and c-Jun N-terminal Kinase (JNK)  
 

JNKs are members of the mitogen-activated protein kinases (MAPK) family. 

There are three JNK isoforms encoded by three different genes, JNK1 and JNK2, 

which are universally expressed, and JNK3 for which expression is restricted to the 

testis, brain, and pancreatic β-cells [126,127]. They differ from classical MAPK such 

as ERK in that JNK activity is more effectively induced in response to cellular stress 

than to mitogens [126]. JNKs function is to phosphorylate and activate the protein c-

Jun, a member of the AP-1 family of transcription factors [128]. JNKs are known to 

play an essential role in the cell response to stress. JNK activity in different cell types 

is associated with the pathogenesis of obesity-induced insulin resistance. JNK is 

activated by dual phosphorylation of the motif Thr-Pro-Tyr found in the activation 

loop [129]. JNK inactivation can be mediated by serine and tyrosine phosphatases, 

and by a family of dual specificity MAPK phosphatases [129]. JNK phosphorylation 

is mediated by two MAPK kinases (MAPKKs) — MAP2K4 (also known as MKK4) 

and MAP2K7 (also known as MKK7) that can cooperatively activate JNK. MAP2K4 

preferentially phosphorylates JNK on tyrosine, whereas MAP2K7 preferentially 

phosphorylates JNK on threonine [129]. Therefore, phosphorylation of 

Thr183/Tyr185 residue of JNK is considered a site for full activation [129]. 

 Hirosumi et al. demonstrated that JNK activity in mouse liver, skeletal and 

adipose tissue is elevated during obesity, and obese mice with systemic ablation of 

JNK1, but not JNK2 show an improved insulin sensitivity [130]. This was correlated 
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with improved insulin-stimulated IRS-1 tyrosine phosphorylation and decreased IRS1 

Ser307 phosphorylation in liver [130]. This indicates a favoured role for JNK1 in 

obesity-induced insulin resistance, via direct phosphorylation of IRS1 at Ser307. 

Another study showed that blocking JNK1 specifically in muscles of mice kept on 

high-fat diet improved insulin sensitivity, increased insulin-stimulated IRS1 tyrosine 

phosphorylation, and decreased IRS1 Ser307 phosphorylation [131]. Importantly, 

JNK activation has been inhibited by rosiglitazone, an antidiabetic drug belonging to 

the family of thizolidinediones, leading to correction of blood glucose levels in insulin 

resistant mice [132]. Exposure of 3T3-L1 adipocytes to rosiglitazone and troglitazone 

inhibits TNF-α -induced JNK activation [132].  

Protein Kinase C (PKC) and Insulin Resistance in Skeletal Muscle  
 

PKC are proteins that can sense lipid signals. Their kinase activity allows 

them to affect a variety of cellular events including cellular growth, differentiation, 

and proliferation. PKC kinases belong to the AGC kinase family that consists of a 

wide range of serine/threonine kinases. PKC are subdivided into three categories 

including: 1) conventional PKC’s (cPKC: α, βI, βII and γ) which can be activated by 

both calcium and diacyglycerol (DAG); 2) novel PKC’s (nPKC: δ, ε, η, and θ) that 

only requires DAG for activation; 3) atypical PKC’s (aPKC: ζ and λ) that requires 

neither calcium nor DAG.  

As mentioned before the insulin resistance state is multifactorial and remains complex. 

Recently, there is evidence for PKC’s involvement, and its activity is higher in muscle 

from obese diabetic patients. A study found that PKC-θ was involved in the Ser1101 

phosphorylation of IRS-1 in 3T3-L1 adipocytes and C2C12 skeletal muscle cells by 

insulin, free fatty acids, and TNFα [114]. This was associated with reduced tyrosine 

phosphorylation of IRS-1 and signaling to the PI3K/Akt cascade [114]. This is in an 
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agreement with earlier studies showing that the treatment of isolated rat adipocytes 

with phorbol-esters resulted in the activation of PKC’s and the development of insulin 

resistance [133]. Furthermore, elevated levels of palmitate led to a 5-fold increase in 

PKCζ activity in L6 skeletal muscle cells that resulted in insulin resistance [134]. 

Treatment with the PKC inhibitor Ro-318220 reversed these effects [134]. aPKC-ζ 

and λ have been implicated in the control of insulin-stimulated glucose uptake in 

adipose tissue and skeletal muscle, and activation of aPKCs acts to negatively 

regulate key insulin-signaling molecules, IRS-1 and Akt. Depletion of PKC-λ in 

L6 skeletal muscle cells using RNA interference had no significant effect on the 

expression of insulin receptor, IRS-1, PI3K, Akt, AS160, GLUT1 and GLUT4. 

However, PKC-λ-depleted muscle cells exhibited greater activation of basal and 

insulin-stimulated insulin signaling and glucose uptake. Its worth mentioning that 

these muscle cells did not express detectable amounts of PKC-ζ [135]. These findings 

indicate that PKC-λ plays an important role in controlling proximal insulin signaling 

events [135]. Hyperinsulinemia and hyperglycemia are other factors that induce 

insulin resistance in muscle and can also induce PKC activation. Intravenous infusion 

of female Wistar rats with either 2.8 M glucose or saline for 15 days resulted in 

insulin resistance which was associated with increased translocation of PKC-ζ to the 

plasma membrane of soleus muscle with a parallel decrease in PDK1 activity [136]. 

This resulted in decreased Akt phosphorylation by PDK1 and a decrease in insulin-

stimulated glucose uptake [136]. In conclusion, the above-mentioned studies indicate 

that PKC plays a role in the development of insulin resistance.  

mTOR and p70 S6K Pathway and Insulin Resistance in Skeletal Muscle 

  The mechanistic target of rapamycin (mTOR) is a 289 kDa serine/threonine 

kinase whose activation is increased by both hormonal (insulin) and nutritional 
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(amino acids) factors [137,138]. The mTOR signaling pathway plays a key role in 

regulating cell growth as well as lipid and glucose metabolism. mTOR consists of two 

different complexes: 1) mTORC1, is composed of mTOR, raptor (regulatory-

associated protein of mTOR) and mLST8 (mammalian lethal with sec-13 protein 8), 

and plays a role in cellular metabolism [137]. In response to amino acids, mTORC1 

enhances anabolic processes such as protein synthesis that are required for cell growth. 

This is achieved by mTORC1 ability to phosphorylate translation regulators, such as 

the 4E-BPs eIF4E and the ribosomal protein S6Ks [137]. 2) mTORC2 is composed of 

mTOR, rictor (rapamycin-insensitive companion of mTOR), SIN1 (stress-activated 

protein kinase-interaction protein 1) and mLST8, which is not directly sensitive to 

rapamycin, however, its assembly could be inhibited after chronic exposure to 

rapamycin [139]. mTORC2 also contributes a role in regulating metabolism, but the 

mechanisms are less well understood in comparison to mTORC1 [140]. mTORC2 

responds to the presence of growth factors such as insulin, but how these signals 

activate this complex remains unclear. mTORC2 plays a role in cellular metabolism 

by regulating the serine/threonine kinase Akt. Akt mediates the action of insulin 

including enhancing glucose transport and promoting mTORC1 signalling to increase 

protein synthesis and cell growth [141]. mTORC2 allosteric activate Akt via post-

translational phosphorylation at the hydrophobic motif residue Ser473 [142]. 

mTORC2 also controls Akt stability by co-translational phosphorylation at the turn 

motif site Thr450 [140]. Rictor is an essential component of mTORC2. Muscle-

specific rictor-knockout mice showed reduced Akt phosphorylation at Ser473 and 

insulin-stimulated glucose uptake [143]. Furthermore, insulin-mediated 

phosphorylation of AS160 at Thr642 was decreased, indicating a defect in insulin 

signaling to stimulate glucose transport [143]. Exposure of adipocytes and L6 muscle 
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cells to a high amino acids levels resulted in mTOR and p70 S6K activation, which 

was associated with reduced insulin action due to increased IRS-1 Ser636/639 

phosphorylation [108,144]. This was shown as well in in vivo study where mTOR and 

p70 S6K played a role in the development of insulin resistance [111]. Interestingly, 

rapamycin, an mTOR inhibitor, can abolish this activation by hindering with the 

FKBP- rapamycin binding pocket of TOR [145]. This was demonstrated in a study 

where rapamycin pre-treated high fructose-induced insulin resistant 3T3- L1 

adipocytes showed an increased glucose uptake indicating that mTOR may be 

downregulating/impairing the insulin signaling [146]. Another study demonstrated 

that rapamycin also reduced Ser636/639 phosphorylation of IRS-1 and increased 

insulin-induced PI3K activity in mice skeletal muscle cells [147]. Palmitate (0.4 mM, 

22 h) treated hepatocytes showed increased phosphorylation of mTOR which lead to 

hyperphosphorylation of the Ser632/639 of IRS-1 [148]. In addition, p70 S6K, the 

downstream effector of mTOR, has found to play a role in the 

impairment/downregulation of normal insulin signaling in both skeletal and adipose 

tissue [145]. In in vitro studies treatment with siRNA targeting p70 S6K markedly 

increased insulin-induced Akt phosphorylation and improved insulin sensitivity in 

MEF cells [149]. Another study demonstrated that p70 S6K gene deletion resulted in 

reduced Ser307 and Ser636/639 phosphorylation of IRS-1 in muscle, liver, and 

adipose tissue in mice fed with high fat diet in comparison to their controls [111]. 

Similarly, p70 S6K- deficient mice are protected from obesity when put on a high fat 

diet and increased expression of p70 S6K has been associated with reduced Akt 

activity [116]. Both mTOR and p70 S6K play a role in regulating glucose homeostasis 

by negative feedback mechanism. This mechanism is as follow: mTOR and p70 S6K 

phosphorylates Ser307 and Ser636/639 of IRS-1 to inhibit the insulin-induced glucose 



	 32	

uptake to prevent hypoglycaemia. However, chronic hyperstimulation of mTOR and 

p70 S6K may lead to insulin resistance in skeletal muscle, adipose tissue and liver. 

AMPK directly phosphorylates the TSC2 tumour suppressor and the critical mTORC1 

binding subunit raptor at Ser863 in order to induce a rapid suppression of mTORC1 

activity [150].   

IKK and NFkB Pathway and Insulin Resistance in Skeletal Muscle 
 

The transcription factor NF-κB is an important mediator of the inflammatory 

response by regulating expression of pro-inflammatory genes. The NF-κB proteins 

consist of five members including p65, p50, RelB, and c-Rel, and dimerization of two 

family members is a must for DNA binding to induce transcriptional modifications in 

the cell. The most predominant activating NF-κB dimer in skeletal muscle is the p50-

p65 heterodimer [151]. Under normal conditions, NF-κB remains inactive in the 

cytoplasm by interacting with its respective inhibitory protein inhibitor of kappa B 

(IκB) proteins. The subtypes of IκB include IκBα, IκBβ, and IκBε and their 

phosphorylation is essential for activating NF-κB. Phosphorylated IκB undergoes 

ubiquitination-mediated proteasomal degradation which allows for nuclear 

translocation of NF-κB [152,153]. Numerous stimulants such as cytokines, ROS, 

hyperglycaemia, and FFA can activate IκB kinase (IKK), the upstream kinase of IκB. 

Four different IKKs namely IKKα-, IKKβ-, IKKε-, and TANK-binding kinase 

1(TBK1) have been reported [154]. In addition to NF-κB activation, IKKs are also 

involved in the phosphorylation of IRS-1 proteins on serine residues. Exposure of 

human hepatoma HepG2, HEK293 and 3T3-L1 cells to TNF-α increased Ser307 

phosphorylation on IRS-1 [155]. This phosphorylation was IKKβ-mediated and 

inhibited tyrosine phosphorylation of IRS1 and subsequent insulin signaling [155].   
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1.3 AMP-activated Protein Kinase Pathway (AMPK) 

Mammalian 5’-AMP-activated protein kinase (AMPK) is a 62 kDa 

serine/threonine protein kinase that plays a central role in regulating energy balance 

within the cell by acting as a sensor of adenine nucleotides and is activated in states of 

low cellular energy (Hardie & Carling, 1997). Structurally, AMPK is a heterotrimeric 

protein complex that consists of a catalytic subunit (α) and two regulatory subunits (β 

and γ).   

The AMPK α subunit contains the kinase domain, and its activity is mainly 

dependent on phosphorylation of Thr172 [157]. The α subunit contains a 

serine/threonine kinase domain (KD) at the N-termini, and the conserved threonine 

residue (Thr172) is located in the C lobe whose phosphorylation is required for 

maximal activity. The upstream players that are responsible for Thr172 

phosphorylation are the tumor suppressor  LKB1, the Ca2+/calmodulin-dependent 

kinase CaMKK2 (CaMKKb), and tat-associated kinase (TAK) [158]. The KD is 

followed by autoinhibitory domain (α -AID). The α-AID is linked to the C-terminal 

domain (α-CTD) by the ‘‘α linker’’, a region of extended polypeptide [159]. The α-

CTD is a globular domain that terminates with a nuclear export sequence (NES) 

[160]. Immediately preceding this NES is the ST loop, a serine/threonine-rich loop. 

Previous studies showed that phosphorylation of Thr485 (in perfused rat hearts, and 

cancer cells) within the ST loop by Akt, in the α1, decreases the phosphorylation of 

Thr172, thus allowing crosstalk between AMPK and other signaling pathways 

[161,162].  

The β subunit acts as a scaffold for binding the α and γ subunits and contains a 

glycogen-binding domain (GBD) that promotes interaction between AMPK and 

glycogen particles. The β subunit contains a myristoylated N-terminal region next to a 
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central carbohydrate-binding domain (β-CBM), β-linker region and a C-terminal 

domain (β-CTD). Importantly, the cleft between the β-CBM and the N lobe of the α-

KD is a key binding site for allosteric activators such as A-769662 and 991.  

The γ subunit functions as a sensor of intracellular energy status through its 

direct binding of adenosine nucleotides. The γ subunit contains the binding sites for 

the adenine nucleotides, AMP, ADP, and ATP. The regulatory nucleotides bind to 

sequences that contain four tandem repeats of a motif known as a CBS repeat. Despite 

the presence of four CBS motifs, the AMPK- γ subunit appears to bind a maximum of 

three molecules of adenine nucleotide.  

During physical activity the adenylate energy charge in muscle is decreased 

depending on the intensity and duration of exercise. This leads to an increase in the 

intracellular AMP/ATP and ADP/ATP rations, thus activating AMPK. AMPK 

activation happens in two steps: 1) stimulatory allosteric activation that is caused by 

binding of AMP within the AMPK- γ subunit; 2) covalent activation through 

reversible phosphorylation on Thr172 in the catalytic α subunit. In skeletal muscle, 

LKB1 is the main upstream kinase responsible for the phosphorylation of α 2-

containing AMPK complexes in response to contraction and pharmacological AMPK 

activators [163]. Furthermore, CaMKKb phosphorylates, to a lesser extent, and 

activates AMPK α 1 complexes during long-term low intensity exercise [164,165]. In 

addition, glycogen has been shown to influence AMPK activity through its binding to 

the β subunit. The β subunit contains a GBD that causes AMPK complexes to 

associate with glycogen particles in cell free systems and cultured cells, and this 

association inhibits AMPK activity [166]. In addition, findings suggest that insulin 

(100 nM, 15 min) reduces AMPK activity in rat skeletal muscle via Akt mediated 

phosphorylation of Ser485/491 on the α1/α 2 subunit [167]. 
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Given its pivotal role in regulating metabolism, activation of AMPK has long 

been the interest as a putative therapeutic approach for metabolic disorders such as 

T2DM. AMPK activators can be divided into three subgroups: 1) AMP analogs; 2) 

compounds that perturb cellular AMP/ATP ratio; and 3) allosteric activators. 

1) AMP analogs 

AICAR is an AMP analog that once transported into the cell by adenosine 

transporters is phosphorylated by adenosine kinase into 5-aminoimidazole-4-

carboxamide ribonucleotide (ZMP) [168]. ZMP is an AMP analog that binds to the γ 

subunit of AMPK at the same sites as AMP and stimulates its activation. Another 

AMP analog that has been shown to activate AMPK is 5-(5-hydroxyl-isoxazol-3-yl)- 

furan-2-phosphonic acid (C2) [169]. C2 is a derivative of the prodrug compound-13. 

C2 is a potent allosteric activator of α 1-containing complexes and selectively protects 

dephosphorylation of α 1 complexes [170].  

2) Compounds that perturb the cellular AMP/ATP ratio 

Since AMPK is activated by cellular increase in AMP/ATP ratio, any 

mechanism that decreases ATP generation will increase AMP levels and ultimately 

activate AMPK. The major known classes of AMPK activators that work by this 

mechanism are inhibitors of mitochondrial ATP generation, such as metformin, 

berberine (inhibitors of mitochondrial respiratory chain complex I) [171,172] and 

resveratrol (inhibitor of mitochondrial ATP synthase) [173]. In addition, PT-1 is 

another compound in this class that inhibits mitochondrial respiration independently 

of ATP synthase and appears to selectively activate γ-1 containing complexes in 

skeletal muscle with no effects on glucose uptake [174].  
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3) Allosteric activators  

A-769662 binds in a pocket between the kinase domain on the α subunit and 

the β-CBM and does not alter AMP/ATP ratio. A-769662 activates AMPK both 

allosterically and by inhibiting dephosphorylation of AMPK on α-Thr172 [175]. In 

addition, compound 991, is an another recently identified allosteric activator that 

binds to the same site as A-769662 but displays 5- to10-fold higher potency [176].  

Contraction-induced AMPK activation and glucose uptake in muscle 

Physical exercise/ muscle contraction also plays an important role in skeletal 

muscle glucose uptake. However, the intracellular mechanisms initiating these actions 

of contractile-induced muscle glucose uptake are poorly understood. A previous study 

demonstrated that muscle contractions increase glucose uptake in muscle lacking the 

insulin receptor [177]. Recent discoveries in the downstream signaling past Akt have 

revealed converging signaling between the insulin and the contraction pathway in 

skeletal muscle; these members are AS160, and its family member TBC1D1. 

Phosphorylation of specific TBC1D1 and TBC1D4 residues inhibits the Rab-GAP 

activity, which then leads to GTP loading and activation of target Rabs in turn 

promoting GLUT4 translocation [178]. With regard to regulation of contraction-

induced muscle glucose uptake, three different sites on TBC1D1 increased with 

exercise/contraction in an AMPK-dependent manner (Ser237; Ser660; Thr596) [179]. 

This indicates that TBC1D1 links increased AMPK activity and GLUT4 translocation 

during muscle contractions. This is supported by recent findings in running mice in 

which knockout of both AMPK β-subunits decreased muscle glucose uptake and 

TBC1D1 phosphorylation [180]. The role of TBC1D1 in exercise/contraction 

regulation of glucose uptake has been further supported by two studies applying 

muscle electroporation of two different TBC1D1 mutants that were unable to be 
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phosphorylated at four different sites. One study targeted four predicted AMPK sites 

(mouse Ser231, Thr499, Ser660, and Ser700) [181], whereas the other study mutated 

Thr596 (an Akt site) in addition to three predicted AMPK sites (mouse Ser231, 

Thr499, and Ser621) [182]. In both studies a 20–35% reduction in contraction-

induced glucose uptake was reported. The two studies collectively suggest that 

phosphorylation of various sites on TBC1D1 is important for increasing glucose 

uptake in muscle during contractions.  

Role of AMPK in counteracting insulin resistance 

Decreased AMPK activity is observed in many genetic rodent models 

exhibiting metabolic syndrome phenotype, including leptin deficient (ob/ob) mice 

[183], leptin receptor deficient (fa/fa) rats [184] and the male ZDF rat [183], which is 

leptin receptor deficient with a mutation in the insulin promoter. Furthermore, 

accumulating data suggests that nutrient overload and obesity are critical risk factors 

for the development of insulin resistance and decreased AMPK activation. Notably, 

the accumulation of three major nutrients: free fatty acids, glucose and amino acids, 

supress AMPK and contribute to insulin resistance [185]. Previous studies 

demonstrated that high glucose levels inhibit AMPK activity through mechanisms that 

do not affect the ratio of AMP/ATP [186,187]. First, the reduced expression/activity 

of SIRT1 by the reduction of NAD+/NADH ratio inhibits SIRT1-LKB1 signaling 

pathway [188]. Second, high glucose levels increase DAG accumulation, a PKC 

activator that induces the inhibitory phosphorylation of Ser485/491 of the AMPK α-

subunit [187].  Lastly, increase in glycogen synthesis and accumulation and PP2A 

activation in the presence of high glucose levels inhibits AMPK. A recent study has 

shown that in the presence of fructose 1,6 biphosphate (FBP), a glycolytic 

intermediate, inhibits the interaction between aldolase and the vacuolar-ATPase on 
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the lysosomal surface, which leads to inhibition of AMPK [189]. Furthermore, 

hyperinsulinemia accompanied by nutrient overload inhibits AMPK by inducing Akt-

mediated inhibitory phosphorylation of Ser485/491 of the AMPK α-subunit [167]. 

New evidence demonstrated that PI3K p110α inhibition increased AMPK Thr172 

phosphorylation in C2C12 cells, whereas expression of constitutively active p110α 

increased AMPK Ser485/491 phosphorylation [190]. The increase of AMPK 

S485/491 phosphorylation was eliminated in the presence of MK2206, an Akt 

inhibitor [190], providing further evidence that activation of the PI3K-Akt cascade 

leads to inhibition of AMPK. A study demonstrated that culturing primary 

cardiomyocytes in the presence of high insulin (100 nM) or high palmitate 

reduced insulin-stimulated glucose uptake, and increased basal palmitate uptake and 

lipid storage [191]. Interestingly, overexpression of AMPK prevented loss 

of insulin signaling in insulin resistant cardiomyocytes and increased glucose uptake 

[191]. Exposure of L6 to palmitic acid induced insulin resistance. Treatment with 

metformin enhanced AMPK Thr172 phosphorylation, reduced sterol regulatory 

element-binding protein-1c (SREBP-1c) expression, increased IRS-1 and 

Akt protein expression, and increased glucose uptake [192]. In contrast, treatment 

with compound C, an AMPK inhibitor, blocked the effects of metformin on SREBP-

1c expression and the IRS-1 and Akt levels, indicating that metformin ameliorates 

palmitic acid-induced insulin resistance through the activation of AMPK and the 

suppression of SREBP-1c in L6 skeletal muscle cells [192]. This suggests that 

activation of AMPK can overcome palmitic acid-induced insulin resistance in L6 cells. 

Feeding Wistar rats a high-fructose diet for 60 days induced insulin resistance [193]. 

Insulin resistant rats displayed increased glucose and insulin levels and reduced 

tyrosine phosphorylation of insulin receptor and IRS-1. Interestingly, treatment with 
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AICAR, a potent AMPK activator, reduced hyperglycemia and hyperinsulinemia and 

improved the activation of the key molecules of insulin signaling [193]. Based on the 

above mentioned data it is of a great importance to find pharmacological compounds 

that can activate AMPK to stimulate muscle glucose uptake, which can be utilized to 

counteract skeletal muscle insulin resistance. 

1.4 Rosemary and its phenolic compounds 

Rosemary (Rosmarinus officinalis Linn.) is a plant grown worldwide but 

indigenous to the Mediterranean and South American regions [194]. The phenolic 

profile of rosemary extract contains 24 flavonoids (mainly flavones, although 

flavonols and flavanones are present), 5 phenolic acids, 24 diterpenoids (carnosic acid, 

carnosol, and rosmanol derivatives), 3 triterpenoid (betulinic acid, oleanolic acid, and 

ursolic acid), and 3 lignans (medioresinol derivatives). The polyphenols found in 

highest quantity in rosemary extract (RE) are carnosic acid (CA), carnosol (COH) and 

rosmarinic acid (RA) [195,196]. Their synthesis/concentration in the extract is 

influenced by growth conditions including sunlight exposure, water availability, soil 

content and quality [197]. Furthermore, the leaves contain the highest concentration of 

polyphenols in comparison to stem, branch and flower regions [198]. Previous studies 

demonstrated that RE exhibit antioxidant, anti-inflammatory, anti-microbial, anti-

tumorigenic, and anti-hyperglycemic properties. These biological activities are highly 

correlated with CA, COH and RA content. 

 Evidence of Anti-Diabetic Effects of Rosemary Extract: In Vitro Studies 

Liver 
In in vitro studies, RE (100 µg/mL) significantly suppressed gluconeogenesis 

in HepG2 hepatocytes (Table 6) [198]. In another study, RE (2.0–50 µg/mL) 

significantly increased HepG2 glucose consumption in a dose-dependent manner 
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[199]. In addition, a significant decrease in intracellular glycogen content and increase 

glycolytic rate was observed [199].  CA (10–20 Μm), prevented palmitate-induced 

lipid accumulation in hepatocytes [200] suggesting that CA may potentially block 

cellular lipid accumulation in the long term and help against insulin resistance and 

T2DM (Table 6). Furthermore, it was found that treatment of HepG2 hepatocytes with 

COH (20–40 µM) resulted in inhibition of intracellular TG synthesis via an effect that 

was associated with significant inhibition of DGAT1[201]. The results mentioned 

above demonstrate that RE has an effect to inhibit gluconeogenesis in hepatocytes and 

decrease intracellular lipid content. 

Table 6: Anti-diabetic Effects of Rosemary Extract and its Main Polyphenolic 
Constituents: In vitro studies (hepatocytes). 

Reference Cell/ Model  Treatment Effects 

[198]  HepG2 
hepatocytes RE 100 µg/mL ↓ gluconeogenesis 

[199] 
HepG2 

hepatocytes 
 

Methanol RE 0.4, 
2, 10, 50 µg/ml  

↑ glucose consumption 
↑ glycolytic rate  
↓ glycogenesis  

 

[203] HepG2 
hepatocytes CA 10-20 µM  

↓ palmitate-induced lipid 
accumulation 

 

[201] 
 

HepG2 
hepatocytes COH 20-40 µM 

↓ de novo formation of 
intracellular TG 
↔ cell viability 

 

Adipose tissue 

The effects of RE and RE polyphenols were also investigated in adipocytes. 

Treatment of 3T3-L1 adipocytes with CA (3 µM) and COH (3 µM) inhibited 3T3-L1 

differentiation and increased intracellular glutathione (GSH), an important antioxidant 

that prevents ROS-induced damage (Table 7) [204]. Similarly, RE (10-30 µg/ml) and 

CA (0.3-20 µM) both inhibited 3T3-L1 adipocyte differentiation, in part through 
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inhibition of Peroxisome proliferator-activated receptor gamma (PPARγ) [205]. RE 

(50 µg/mL) increased glucose uptake and intracellular lipid levels in 3T3-L1 

adipocytes [206]. In contrast, treatment with CA (0.1–10 µM) resulted in reduced 

intracellular lipid accumulation, TG content and glycerol-3-phosphate dehydrogenase 

(GPDH) activity in 3T3-L1 adipocytes (Table 7) [207]. The activity of cytosolic 

GPDH, a key regulatory enzyme involved in TG synthesis, dose-dependently 

decreased in CA treated adipocytes [207]. 

CA significantly decreased mRNA expression of PPARγ, C/EBPα and 

SREBP1 indicating that it affects PPARγ/SREBP1 mediated adipogenesis [207]. 

Interestingly, CA treated adipocytes had a lower monounsaturated fatty acid (MUFA) 

to saturated fatty acid (SFA) ratio compared to control cells. This was associated with 

a reduction of both mRNA and protein expression levels of stearoyl-CoA desaturase 1 

(SCD1), a PPARγ dependent enzyme responsible for conversion of SFA to MUFA. 

MUFAs function as the major substrates for the synthesis of TG and cellular 

membrane phospholipids in adipocytes [207]. An increased ratio of MUFA: SFA is 

correlated with de novo lipogenesis [207]. 

Carnosic acid treatment (1–20 µM) prevented LPS-stimulated elevations in the 

mRNA expression of tumor necrosis factor-α (TNFα), interleukin-6 (IL-6), and 

monocyte chemoattractant protein-1 (MCP-1) indicating a significant reduction in the 

inflammatory response of adipocytes [208].Together, these findings suggest effects of 

RE and RE polyphenols on adipocyte lipid accumulation and anti-inflammatory 

effects. 
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Table 7: Anti-diabetic Effects of Rosemary Extract and its Main Polyphenolic 
Constituents: In vitro studies (adipocytes) 

Reference Cell/ Model  Treatment Effects 

[204]  3T3-L1 adipocytes CA 3 µM, 
COH 3 µM 

↓ differentiation  
↑ intracellular GSH 

[205] 3T3-L1 adipocytes 
 

Acetone RE 
10-30µg/ml, 

CA 0.3-20 µM 

Inhibited adipocyte 
differentiation 

 

[206] 3T3-L1 adipocytes RE 50 µg/ml ↑ intracellular lipid  
↑ glucose uptake 

[207]  
3T3-L1 adipocytes 

 CA 0.1-10 µM 

↓ intracellular lipid 
accumulation  

↓ TG content (15.5-
39.8%) 

↓GPDH activity 

[208] 
3T3-L1 adipocytes 

pretreated with 
LPS 

CA 1-20 µM ↓ mRNA expression of 
TNFα, IL-6 and MCP-1  

 

Skeletal Muscle  

Our group previously demonstrated that treatment of L6 myotubes with RE 

increased glucose uptake in a dose and time dependent manner [209]. Maximum 

stimulation was seen with 5 µg/mL of RE, which was comparable to maximum 

stimulation seen with insulin (100 nM, 30 min) and metformin (2 mM, 4 h) (Table 8) 

[209]. In addition, treatment of L6 myotubes with CA (2 µM, 4 h). RA (5 µM, 4 h), 

and COH (25 µM, 4 h) resulted in a significant increase in glucose uptake [210–212]. 

These effects were associated with increased AMPK activity indicating that these 

polyphenols increase glucose uptake via an AMPK dependent mechanism. In contrast, 

another study demonstrated that exposure of L6 myotubes to CA (20 µM, 6h) resulted 

in increased glucose transport which was dependent on Akt but not AMPK, despite 

both kinases being activated by CA. Furthermore, CA increased protein phosphatase 
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methylesterase-1 (PME-1), a key negative regulator of the serine/threonine 

phosphatase PP2A (protein phosphatase 2A). The demethylation of the PP2A 

catalytic subunit led to its suppressed activity, and in doing so, alleviate the repressive 

action of PP2A towards Akt (Table 8) [213]. Overall, all of the results mentioned 

above indicated that RE and RE polyphenols have the potential to affect key insulin 

target tissues including liver, fat and muscle. More research is needed to elucidate its 

effect in insulin resistance models.   

Table 8: Anti-diabetic Effects of Rosemary Extract and its Main Polyphenolic 

Constituents: In vitro studies (myocytes) 

Reference Cell/ 
Model  Treatment Effects 

[209] L6 
myotubes 

Methanol RE 
0.1-50 µg/ml 

↑ glucose uptake (GU) dose- & 
time-dependent 

Max stimulation: 5 µg/ml for 4 h 
comparable to insulin & metformin. 

[213] L6 
myotubes CA 1-50 µM 

↑ GU in a dose- & time-dependent 
manner. 

Max stimulation: 20 µM for 6 h 
comparable to insulin & metformin. 

[210] L6 
myotubes 

Methanol CA 
0.1-10 µM 

↑ GU dose- and time-dependent 
Max stimulation: 2 µM for 4 h 

comparable to insulin & metformin. 

[212] L6 
myotubes RA 1-10 µM 

↑ GU in a dose- & time-dependent 
manner. 

Max stimulation: 5 µM for 4 h 
comparable to insulin & metformin. 

[211] L6 
myotubes  

COH 10-75 
µM 

↑ GU dose- and time-dependent 
Max stimulation: 50 µM for 4 h 

comparable to insulin & metformin 
↑ GLUT4 translocation to plasma 

membrane 
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Evidence of Anti-Diabetic Effects of Rosemary Extract: In Vivo Animal Studies  

The anti-hyperglycaemic effects of RE and its polyphenols were also 

examined in in vivo animal studies. In streptozotocin (STZ)-induced diabetic mice, 

administration of an aqueous RE (10 g/L) for three months significantly decreased 

fasting plasma glucose (FPG) level (Table 9) [214]. There were no changes in alkaline 

phosphatase activity, creatine, and bilirubin indicating that the extract did not cause 

cytotoxicity and histotoxicity [214]. In another study, administration of RE (20 

mg/kg/day) in STZ rats significantly decreased plasma glucose levels due to 

inhibition of intestinal glucosidase enzyme activity [215]. In a more recent study, 

daily administration of RE (200 mg/kg/day, 3 weeks) reduced blood glucose levels of 

both normal and STZ-induced diabetic rats [216]. These effects were associated with 

increased serum catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase 

(GPx), vitamin C, and with decreased lipid peroxidation marker MDA levels [216]. 

Administration of RE (200 mg/kg/day, 21 days) in STZ-induced diabetic rats 

decreased FPG, TC and total antioxidant capacity (Table 9) [217]. Administration of 

dried rosemary leaves (5 g/100 g of diet, 6 weeks) in STZ-induced diabetic and 

healthy Sprague-Dawley rats decreased FPG, glycated hemoglobin (HbA1c), TC and 

TG and LDL levels in STZ- induced rats without affecting the plasma glucose levels 

or the lipid profile in the control group [218].  

In addition to the STZ-induced diabetic model, the alloxan-induced diabetic 

animal model is also used extensively. In alloxan-induced diabetic rabbits, RE (200 

mg/kg, 1 week) reduced FPG and increased insulin levels [219]. In contrast, 

intramuscular administration of volatile oil of RE (25 mg/kg, 30, 60 and 120 min) 

inhibited insulin release and increased blood glucose levels leading to hyperglycemia 

in normal and alloxan-induced diabetic rabbits [220]. Administration of RA (100–200 
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mg/kg, 8 weeks) to alloxan-induced diabetic rats significantly inhibited glomerular 

hypertrophy, glomerular number loss and glomerulosclerosis [221].  

Oral administration of CA (17 mg/kg/day, 5 weeks) to obese leptin receptor 

deficient mice (ob/ob mice) resulted in significant protection against fat-induced 

fasting and non-fasting hyperglycemia, improved glucose tolerance as well as 

decreased serum insulin levels (Table 9) [222]. In addition, CA significantly inhibited 

weight gain, decreased regional areas of visceral fat, and protected against fat 

accumulation in white adipose tissue and liver [222]. Moreover, CA decreased serum 

levels of TG, TC, and ALT, as well as significantly decreased hepatic lipid storage 

[222].  

Dietary supplementation of RE (500 mg/kg, 16 weeks) containing 20% CA in 

mice that were started on a high-fat diet (HFD) as juveniles significantly protected 

against HFD-induced elevations in plasma glucose and TC levels compared with HFD 

control mice [223]. Correlating with the observed reductions in TC levels, HFD mice 

supplemented with RE displayed significant decreases in fat mass and one to two fold 

increase in total fecal lipid content compared to HFD-fed control mice [223]. 

Additionally, another study indicated that administration of CA (20 mg/kg) in 5–20 

mg/kg olive oil loaded mice, significantly repressed the elevation of TG levels, 

prevented epididymal fat gain and inhibited pancreatic lipase activity [224]. 

Administration of RE (200 mg/kg, 50 days) in mice fed HFD, resulted in reduced 

body weight and fat mass and increased fecal lipid excretion, while hepatic 

triglyceride content was decreased (Table 9) [225]. Similarly, daily administration of 

RE (100 mg/kg, 36 days) to high-cholesterol fed mice resulted in significant decline 

in plasma TG, TC, LDL levels, while HDL levels were increased compared to control 

mice [226]. In conclusion, RE and RE polyphenols exhibit insulin-like properties and 
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are able to reduce circulating glucose and lipids. However, there exact mechanisms of 

action are still unknown and further research is needed.  

 

Table 9: Anti-diabetic Effects of Rosemary Extract and its Main Polyphenolic 
Constituents: In vivo animal studies. 

Animal Model  Dose Glucose Other Measures Reference 

Streptozotocin (STZ)-Induced Diabetic Model 

STZ-induced 
diabetic Swiss 

albino mice 

Ad libitum 
(10 g leaves 
of rosemary 

in 1 L boiling 
water) for 3 

months 

↓ FPG in 
healthy & 
diabetic 
animals 

↔ creatinine, urea, 
bilirubin, total 

albumin, alkaline 
phosphatase  

[214] 

STZ-induced 
diabetic male  

ddY mice 

RE  20 
mg/kg/day  

↓ plasma 
glucose levels  

 ↓ α-glucosidase 
(AGc) [227] 

STZ-induced 
diabetic male 

albino rats 

RE aqueous, 
200 

mg/kg/day 
for 3 weeks 

↓ FPG 

↑ CAT 
↑ SOD 
↑ GPx 

↑ vitamin C 
↓ MDA 

[216] 

STZ- induced 
diabetic male 
Dawley rats 

Dried 
rosemary 

leaves 
powder 

5g/100g of 
diet for 6 

weeks 

↓ FPG 
(53.97%), ↓ 

HbA1c 
(24.56 %) 

↓ TG (45.43%) 
↓ TC (39.31%) 
↓ LDL (33.89 %) 

[218] 

Alloxan-Induced Diabetes Model 

Alloxan–induced 
male diabetic 

rabbits 

RE volatile 
oil, 25 mg/kg 
intramuscular 
injection for 
30, 60 and 
120 min 

↑ serum 
glucose levels  
↓ serum 
insulin  

 [220] 

Alloxan-induced 
Sprague-Dawley 

uninephrectomized 
rats 

RA 100-200 
mg/kg/day 
for 8 weeks 

 

↓ 
glomerulosclerosis 
↓ glomerular 

number  
 

[221] 
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Genetically-Induced Diabetes Models 

Male ob/ob mice 
CA 

17mg/kg/day  
for 5 weeks  

↓ FPG  
↓ OGTT 

glucose levels 
↓ serum 
insulin  

↓ TC  
↓ TG  

↓ plasma FFA 
↓ hepatic lipids 

↓ ALT 

[222] 

Diet-Induced Diabetes Models 

HFD-treated male 
C57BL/6J mice 

RE aqueous, 
containing 
20% CA 

500 
mg/kg/day 

for 16 weeks  

↓ FPG 
↔ insulin 

↓body weight 
↑fecal total lipid 

content 
↓fat mass 
↓TC 
↔ TG 

[228] 

HFD- (olive oil) 
treated male ddY 

mice 

CA 20 mg/kg 
for 14 days 
COH 200 

mg/kg for 14 
days 

 

↓ body weight 
(7%)  

↑ epididymal fat  
↓ pancreatic lipase 
(IC50 12 and 4.4 
µg/ml for CA and 
COH respecively) 

[224] 

HFD-treated male 
C57BL/6J mice 

RE 20 or 200 
mg/kg/day 
for 50 days 

↔ FPG,  
↔ glucose 
tolerance  
↔ insulin 

 

↓ body weight and 
fat mass (64% and 

57%) 
↓ Hepatic TG (39 

%) 
↑ fecal lipid 

excretion  

[225] 

Diet-induced HC 
female BALB/c 

mice 

RE aqueous, 
100 

mg/kg/day 
for 36 days 

 ↓TC, TG, LDL 
↑HD [226] 

 

Evidence of Anti-Hyperglycemic Effects of Rosemary: Human studies 

The anti-hyperglycaemic effects of RE were also investigated in in vivo human 

subjects. Participants were randomly selected into three groups and received 2, 5 or 10 

g/day of dried rosemary leaf powder for eight weeks (Table 10) [229]. Blood samples 

were taken from participants’ prior and after the study. The treatment decreased FBG, 

TG, TC, LDL and increased HDL [229]. However, plasma concentrations of the 

polyphenols were not measured, making it difficult to comment on the bioavilabilty.  
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In addition to the improvement in the overall lipid profile, RE seems to exhibit 

antioxidant properties by decreasing MDA, and glutathione reductase (GR) [229]. 

Additionally, there have been a few studies indirectly examining the effects of 

rosemary supplements with non-fully conclusive results. A prospective cohort study 

examined the effect of 21 days of oral supplementation of aqueous RE (containing 

77.7 mg RE with 0.97 mg COH, 8.60 mg CA, and 10.30 mg RA) in twelve healthy 

young volunteers and found a significant decrease in plasminogen activator-inhibitor-

1 (PAI-1) levels [230]. In conclusion, there are no human studies looking at skeletal 

muscle glucose uptake with RE and RE polyphenols. The known effect of RE and RE 

polyphenols is mostly on liver glucose output and not on muscle and further research 

is needed on its effect in muscle.   

Table 10: Anti-diabetic Effects of Rosemary Extract and its Main Polyphenolic 
Constituents: In vivo human studies. 

Study 
methodology Treatment  Effect Reference  

48 healthy 
individuals 

Dry rosemary powder  
2, 5 or 10 g/day, for 8 

weeks 

↓ FBG   
↓ TC ↓LDL, ↓TG, 

↑HDL, 
↓ MDA, ↓GR 

 

[229] 

12 healthy, 
young 

volunteers 

RE 77.7 mg  
COH 0.97 mg 

CA 8.6 mg 
RA 10.30 mg for 21 days 

↓ PAI-1 levels [230] 
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CHAPTER 2: Thesis objectives  

Purpose: 
The aim of this study is to examine the effects of RE and RE polyphenols on 

HG+HI-induced muscle insulin resistance in skeletal muscle cells 

 

Skeletal muscle is one of the major organs regulating whole-body metabolic 

homeostasis. In type 2 diabetes, the insulin-stimulated glucose uptake by peripheral 

tissues is compromised. This leads to chronically elevated levels of circulating 

glucose followed by a compensatory increase in insulin secretion. This elevation 

insulin in turn exacerbates insulin resistance and leads to T2DM development. High 

plasma glucose and insulin levels attenuate insulin action in muscle via serine 

phosphorylation of the insulin receptor and insulin receptor substrates (IRS-1/2), 

decreasing insulin-stimulated tyrosine phosphorylation and insulin action. Protein 

kinases including GSK-3β [231], JNK [232], PKC’s [233], mTOR [234], p70 S6K, 

and IKK [235] have been found to be involved in the induction of insulin resistance 

both in vitro and in vivo. These protein kinases can increase phosphorylation of 

Ser307, Ser636/639, Ser318, and Ser332 residues of the IRS-1. This leads to 

impairments of insulin action to increase glucose disposal into insulin-target tissues 

[236]. Although JNK activity was shown to be increased by lipid/obesity-associated 

insulin resistance limited number of studies in muscle [237–239] have shown 

increased JNK phosphorylation/activity in a HG environment and since our model of 

insulin resistance is HG+HI we hypothesized that JNK may be involved in our model 

as well [240].  

 Polyphenols are phytochemicals, i.e. compounds found in natural plant food 

sources. These compounds have antioxidant properties and many others including: 

anti-cancer, anti-inflammatory, and anti-diabetic effects. With these identified 
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properties, the attention surrounding RE is increasing due to its reported stimulatory 

effects on glucose metabolism. Previous studies by our lab demonstrate RE and RE 

polyphenols to increase glucose uptake in L6 cells [209,210,241]. In addition, other 

studies documented the ability of RE and RE polyphenols to prevent HFD- induced 

insulin resistance in mice [222,228]. From the above mentioned studies it is clear that 

to date there are no studies to our knowledge examining the effects of RE and RE 

polyphenols on the HG+HI-induced insulin resistance in muscle cells. 

Hypothesis: 

In the current thesis we hypothesize that: 

1. RE and RE polyphenols attenuates the HG+HI-induced skeletal muscle insulin 

resistance. 

2. RE attenuates the HG+HI-induced  

a. serine phosphorylation of IRS-1 

b. impairments in insulin-stimulated Akt and its downstream substrate 

GSK-3β activation.  

c. JNK and mTOR activation 

3. RE activates AMPK and AMPK may mediates the RE effects. 

 

Significance: 

There is an increased prevalence of T2DM in the world and the current up-to-

date treatments are often limited and contain many unwanted side effects, therefore 

there is a need for finding new ways to prevent the development of it. Lastly, the 

knowledge gained regarding the cellular signaling pathway will be used towards the 

development of nutraceuticals against insulin resistance and diabetes mellitus.   
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CHAPTER 3: Methodology  

Materials 

 Fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), cytochalasin B, 

Carnosic acid, Rosmarinic acid, and carnosol were purchased from Sigma Life 

Sciences (St. Louis, MO, USA). α-MEM media (CAT 22561) was purchased from 

GIBCO Life Technologies (Burlington, ON, Canada). Insulin (Humulin R) was 

from Eli Lilly (Indianapolis, IN, USA). Polyvinylidene difluoride (PVDF) 

membrane, Enhanced Chemiluminescence (ECL) reagent (Clarity) and the 

Bradford protein assay reagent were purchased from BioRad (Hercules, CA, USA). 

[3H]-2-deoxy-D-glucose was purchased from PerkinElmer (Boston, MA, USA). 

Phospho and total IRS-1 (CAT 2382 and 2388, respectively, 1:1000 dilution), 

Phospho and total Akt (CAT 9271 and 9272, respectively, 1:1000 

dilution),Phospho and total mTOR (CAT 2971 and 2972, respectively, 1:1000 

dilution), Phospho and total AMPK (CAT 2531 and 2532, respectively, 1:1000 

dilution), and HRP-conjugated anti-rabbit antibody (CAT 7074, 1:2000 dilution) 

were from New England BioLabs (NEB) (Missisauga, ON).  

Preparation of rosemary extract (RE)  

 A methanol extract of rosemary (RE) was prepared as described previously 

[209,242]. Whole dried rosemary (Rosmarinus officinalis L.) leaves (purchased 

from Compliments/Sobey’s, Mississauga, ON, Canada), were grounded and passed 

through a mesh sieve. The grounded material (5 g) was steeped overnight (16 

hours) in dichloromethane-methanol (1:1) (30 mL). The filtrate was collected under 

slight vacuum followed by a MeOH (30 mL) extraction for 30 min. The solvent 
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was removed by rotary evaporation. Aliquots were prepared in dimethyl sulfoxide 

(DMSO) (10 mg/ml) and stored at -20 ˚C.  

L6 skeletal muscle cells  

The L6 skeletal muscle cells are an immortalized myogenic cell line derived 

from rat hindlimb [243]. The cells proliferate when grown in α-minimum essential 

media (α-MEM) containing 10% FBS and spontaneously differentiatie into 

multinucleated myotubes when placed in α-MEM media containing 2% FBS. They 

express both the insulin and insulin-like growth factor (IGF-1) receptors, and 

facilitated glucose transporters (GLUTs) including GLUT1, GLUT3 and GLUT4 

[244]. Upon differentiation from myoblasts to myotubes, insulin receptors as well 

as GLUT4 transporter expression are increased resulting in full insulin 

responsiveness [244]. Once exposed to insulin, all three GLUTs translocate to the 

cell membrane, with GLUT4 being the most dominant since it is greatly affected by 

insulin action. It is important to understand that the difference observed in basal 

glucose uptake and insulin-stimulated glucose uptake between the myoblast and 

myotube stage is due to GLUTs expression. Basal glucose transport is highest in 

myoblast since GLUT1 transporters are highly expressed, once differentiated to a 

myotube phase the insulin-stimulated glucose uptake is greater due to increased 

GLUT4 expression [245,246].  

Cell culture, treatment and glucose uptake assay 

 L6 rat muscle cells were grown in α-MEM media containing 2% v/v FBS 

until fully differentiated into myotubes. Myotubes were used in all experiments. 

Prior to the experiments, the cells were serum-deprived for 3 h before they were 

incubated either in media (control, 5.5 mM glucose) or media containing 25 mM 

glucose and 100 nM insulin (HG+HI) in the presence or absence of RE (5 µg/ml) or 
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its polyphenols (CA, RA, and COH for the glucose uptake assay). All incubations 

were carried out in a humidified atmosphere of 95% air/5% CO2. Following the 24 

h incubation, cells were washed three times with HEPES-buffered saline (HBS: 

14mM NaCl, 5mM KCl, 20 mM HEPES, 2.5mM MgSO4 and 1mM CaCl2, pH 7.0), 

and then incubated in the same buffer for 3 minutes at 37°C to remove all 

extracellular and receptor-bound insulin. The cells were then incubated with fresh 

α-MEM media containing 0% v/v FBS for subsequent stimulation with insulin (100 

nM, 30 min). After treatment, the cells were washed with HBS (pH 7.4) solution 

and exposed to 10 µM [3H]-2-deoxy-D-glucose in HBS for 10 min to measure 

glucose uptake. At the end of the 10 min uptake time, the cells were rinsed with 

ice-cold 0.9% NaCl solution followed by lysis with 0.05 N NaOH on ice. Exposure 

to 10 µM cytochalasin B was used to determine the non-specific glucose uptake. 

The non-specific glucose uptake was subtracted from the total to get the specific, 

glucose transporter-mediated, glucose uptake. Liquid scintillation counter 

(PerkinElmer) was used to measure radioactivity.  

Immunoblotting 

 After treatment, the cells were washed with ice-cold HBS solution and lysed 

with ice-cold lysis buffer. Lysates were kept at −20 °C. Protein samples (20µg) 

were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and transferred to a PVDF membrane. The membrane was exposed to 

blocking buffer containing 5% w/v dry milk powder in Tris-buffered saline and 

incubated overnight with the primary antibody at 4 °C followed by exposure to 

HRP-conjugated secondary antibody for one hour and ECL reagent. The 

corresponding bands were visualized using a Flourochem HD2 imager (Cell 
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Biosciences) and bands quantified via densitometry using Alpha Innotech software 

(Santa Clara, CA).  

Statistical analysis 

 GraphPad Prism v7.0 (GraphPad Software, Inc. La Jolla, CA, USA) was 

used to calculate the significance of the differences between groups using ANOVA 

followed by Fisher LSD post-hoc analysis. Statistical significance was assumed 

at p< 0.05. All data are reported as mean ± SEM. 
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CHAPTER 4: Results 

Rosemary extract restores the insulin-stimulated glucose uptake in HG+HI 

treated muscle cells  

  Exposure of L6 myotubes to 100 nM insulin for 30 min resulted in a 

significant increase in glucose uptake (183 ± 8.43% of control, p < 0.0001) (Figure 

3A, 3B). Treatment of the cells with 25 mM glucose and 100 nM insulin for 24 h, to 

mimic a high glucose/ high insulin environment [98] increased the basal glucose 

uptake (290 ± 50.37 % of control; P <0.001) (Figure 3A). The acute insulin response 

was abolished in cells exposed to HG+HI (Figure 3A) and the same data expressed as 

percent of basal is shown in Figure 1B (112 ± 3.27 % of basal). Importantly, treatment 

with RE (5 µg/ml, 24 h) significantly restored the insulin-stimulated glucose uptake 

(RE+HG+HI +I: 149 ± 16.91 % of basal) (Figure 3A, 3B). 
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Figure 3: Rosemary extract restores the insulin-stimulated glucose uptake in HG+HI 

treated muscle cells. Fully differentiated myotubes were treated without (control, C) 

or with 25 mM and 100 nM insulin (HG+HI) in the absence or presence of 5 µg/ml 

rosemary extract (RE) for 24 hours followed by stimulation without or with 100 nM 

insulin (I) for 30 min and [3H]-2-deoxy-D-glucose uptake measurements as indicated 

in the method section. The results are the mean ± SEM of 4-7 independent 

experiments, each performed in triplicate and expressed as percent of control (A) or 

percent of basal (B) (** P<0.001, **** P<0.0001 vs. control, # P<0.05, ### P<0.001 

as indicated). 
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Effects of HG+HI and RE on IRS-l expression and Ser636/639 phosphorylation.  

 After we established insulin resistance at the glucose uptake level, we 

investigated the effects of HG+HI and RE downstream of the insulin receptor. We 

investigated the phosphorylation of the IRS-1 protein on Ser636/639 residues. 

Increased phosphorylation of IRS-1 on serine/threonine residues can increase the 

dissociation of IRS-1 from the insulin receptor, reduce tyrosine phosphorylation sites 

of IRS-1 and induce IRS-1 protein degradation [103,247]. Exposure of L6 myotubes 

to HG+HI resulted in a significant increase in Ser636/639 phosphorylation of IRS-1 

(224 ± 33.9 % of control, p=0.0001) (Figure 4). Treatment with 5 µg/ml RE did not 

have any significant effect on the basal Ser636/639 phosphorylation (125.3±11.26%, 

of control) but completely abolished the HG+HI-induced increase in Ser636/639 

phosphorylation of IRS-1 (79.7±18.1 % of control, p<0.0001). The total levels of 

IRS-1 were decreased in HG+HI treated, insulin resistant cells (HG+HI 66.8 ± 

4.60 %) (Figure 4).  
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Figure 4: Effects of HG+HI and RE on IRS-l expression and Ser636/639 

phosphorylation. Fully differentiated myotubes were treated without (control, C) or 

with 25 mM and 100 nM insulin (HG+HI) in the absence or presence of 5 µg/ml 

rosemary extract (RE) for 24 hours. After treatment, the cells were lysed and SDS-

PAGE was performed, followed by immunoblotting with specific antibodies that 

recognize phosphorylated (Ser636/639) or total IRS-1. A representative immunoblot 

is shown (top panel). The densitometry of the bands, expressed in arbitrary units is 

presented as percent of control (bottom panel). The values are the mean ± SEM of 

three separate experiments (* P<0.05, **** P<0.0001 vs. control, #### P<0.0001 as 

indicated). 
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Effects of HG+HI and RE on Akt expression and phosphorylation  

 Next we investigated the effect of HG+HI on insulin-stimulated Akt 

phosphorylation and expression in the absence or presence of RE. Treatment of L6 

myotubes with insulin resulted in a significant increase in Akt Ser473 and Thr308 

phosphorylation (I: 1831.9 ± 84.2 and 1946.3 ± 114.7 % of control, respectively, both 

p<0.0001) (Figure 5). Exposure of the cells to HG+HI significantly attenuated the 

insulin-stimulated Akt phosphorylation on Ser473 and Thr308 residues (HG + HI + I: 

1225.5 ± 121.9 and 1146.6 ± 72.6 % of control, p<0.0001) (Figure 5). In the presence 

of RE, the decline in the insulin-stimulated Akt phosphorylation on Ser473 and 

Thr308 with HG+HI was not reversed (RE+HG+HI+I: 1376.9 ± 55.6 and 955.1 ± 

63.3 % of control) (Figure 5). The total levels of Akt were not significantly affected 

by any of the treatments (Figure 5). 
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Figure 5: Effects of HG+HI and RE on Akt expression and phosphorylation. Fully 

differentiated myotubes were treated without (control, C) or with 25 mM and 100 nM 

insulin (HG+HI) in the absence or presence of 5 µg/ml rosemary extract (RE) for 24 

hours followed by stimulation without or with 100 nM insulin (I) for 15 min. After 

treatment, the cells were lysed and SDS-PAGE was performed, followed by 

immunoblotting with specific antibodies that recognize phosphorylated Ser473, 

Thr308 Akt or total Akt. A representative immunoblot is shown (top panel). The 

densitometry of the bands, expressed in arbitrary units, is presented as percent of 

control (bottom panel). The values are the mean ± SEM of three separate experiments 

(**** P<0.0001 vs. control, #### P<0.0001 as indicated). 
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Effects of HG+HI and RE on GSK-3β  expression and phosphorylation  

 Next we investigated the effect of HG+HI on insulin-stimulated GSK-3β 

phosphorylation and expression in the absence or presence of RE. Treatment of L6 

myotubes with insulin resulted in a significant increase in GSK-3β Ser9 

phosphorylation (I: 195 ± 14.4 % of control, p<0.001) (Figure 6). Exposure of the 

cells to HG+HI significantly attenuated the insulin-stimulated GSK-3β Ser9 

phosphorylation (HG + HI + I: 149 ± 22.5 % of control, p<0.05) (Figure 6). In the 

presence of RE, the decline in the insulin-stimulated GSK-3β Ser9 with HG+HI was 

reversed (RE+HG+HI+I: 258 ± 27 % of control) (Figure 6). The total levels of GSK-

3β were not significantly affected by any of the treatments (Figure 6). 
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Figure 6: Effects of HG+HI and RE on GSK-3β expression and phosphorylation. 

Fully differentiated myotubes were treated without (control, C) or with 25 mM and 

100 nM insulin (HG+HI) in the absence or presence of 5 µg/ml rosemary extract (RE) 

for 24 hours followed by stimulation without or with 100 nM insulin (I) for 15 min. 

After treatment, the cells were lysed and SDS-PAGE was performed, followed by 

immunoblotting with specific antibodies that recognize phosphorylated Ser9 or total 

GSK-3β . A representative immunoblot is shown (top panel). The densitometry of the 

bands, expressed in arbitrary units, is presented as percent of control (bottom panel). 

The values are the mean ± SEM of three separate experiments (* P<0.05, *** 

P<0.001, **** P<0.0001 vs. control, #### P<0.0001 as indicated). 
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Rosemary Extract (RE) phosphorylates/activates AMPK 

 Next we investigated the chronic effect of HG+HI and RE on the 

phosphorylation of AMPK. Treatment with 5 µg/ml RE for 24h significantly 

increased the phosphorylation of AMPK on Thr172 (308.9±27.4% of control, 

P<0.0001) (Figure 7). Treatment with HG+HI alone resulted in a decrease (69±14.8% 

of control) of AMPK phosphorylation that was not significant. Importantly, treatment 

with RE in the presence of HG+HI significantly increased the phosphorylation of 

AMPK (161±22.8% of control, P<0.001). The total levels of AMPK were not 

significantly affected by any treatment (Figure 7). 
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Figure 7: Effects of HG+HI and RE on AMPK expression and phosphorylation. Fully 

differentiated myotubes were treated without (control, C) or with 25 mM and 100 nM 

insulin (HG+HI) in the absence or presence of 5 µg/ml rosemary extract (RE) for 24 

hours. After treatment, the cells were lysed and SDS-PAGE was performed, followed 

by immunoblotting with specific antibodies that recognize phosphorylated Thr172 or 

total AMPK. A representative immunoblot is shown (top panel). The densitometry of 

the bands, expressed in arbitrary units, is presented as percent of control (bottom 

panel). The values are the mean ± SEM of three separate experiments (**** P<0.0001 

vs. control, ### P<0.001 as indicated). 
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Rosemary extract prevents the HG+HI-induced phosphorylation of mTOR in L6 

myotubes 

 Evidence indicate that mTOR, a highly conserved Ser/Thr kinase, is 

implicated in serine phosphorylation of IRS-1 and the development of insulin 

resistance [248]. Since AMPK directly phosphorylates the TSC2 tumour suppressor 

and the critical mTORC1 binding subunit raptor to induce rapid suppression of 

mTORC1 activity [249], we examined the effects of chronic treatment with HG+HI in 

the absence or presence of RE on mTOR phosphorylation and expression. Exposure 

of L6 muscle cells to HG+HI for 24 h resulted in a significant increase in mTOR 

phosphorylation (156.3±19.3 % of control, p=0.0001). RE alone did not affect mTOR 

phosphorylation (93 ± 2.88 % of control) but treatment with RE abolished the 

HG+HI-induced mTOR phosphorylation (101.5±7.4 % of control, p=0.0002). The 

total levels of mTOR were not significantly changed by any treatment (Figure 8).  
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Figure 8: Effects of HG+HI and RE on mTOR phosphorylation and expression. 

Differentiated myotubes were treated without (control, C) or with 25 mM and 100 nM 

insulin (HG+HI) in the absence or presence of 5 µg/ml rosemary extract (RE) for 24 

hours. After treatment, the cells were lysed and SDS-PAGE was performed, followed 

by immunoblotting with specific antibodies that recognize phosphorylated Ser2448 or 

total mTOR. A representative immunoblot is shown (top panel). The densitometry of 

the bands, expressed in arbitrary units, is presented as percent of control (bottom 

panel). The values are the mean ± SEM of three independent experiments (*** 

P<0.001 vs. control, ### P<0.001 as indicated). 
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Effects of HG+HI and RE on JNK expression and phosphorylation  

Next we determined the effect of HG+HI on the phosphorylation of JNK. 

Activation of JNK correlates with the dual phosphorylation on Thr183 and Tye185. 

Using antibodies that recognize JNK only when phosphorylated on both of these 

residues, treatment of L6 myotubes with HG+HI without or with RE did not have any 

significant influence on JNK phosphorylation (Figure 9). 
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Figure 9: Effects of HG+HI and RE on JNK phosphorylation and expression. 

Differentiated myotubes were treated without (control, C) or with 25 mM and 100 nM 

insulin (HG+HI) in the absence or presence of 5 µg/ml rosemary extract (RE) for 24 

hours. After treatment, the cells were lysed and SDS-PAGE was performed, followed 

by immunoblotting with specific antibodies that recognize phosphorylated Thr183/ 

Tyr185 or total JNK. A representative immunoblot is shown (top panel). The 

densitometry of the bands, expressed in arbitrary units, is presented as percent of 

control (bottom panel). The values are the mean ± SEM of three independent 

experiments. 
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Rosmarinic acid restores the insulin-stimulated glucose uptake in HG+HI 

treated muscle cells 

The effects of rosmarinic acid (RA) on insulin-stimulated glucose uptake in 

high glucose and high insulin treated L6 myotubes were examined. Stimulation with 

insulin (100 nM, 30 min) resulted in two-fold increase in [3H]-2-deoxy-D-glucose 

uptake (189±10.7% of control, P<0.0001) (Figure 10). The acute insulin response was 

significantly decreased in the HG+HI-treated cells (116±2.9% of control). Most 

importantly, the presence of RA (5 µM) significantly restored the insulin-stimulated 

glucose uptake (149±7.8% of control, P<0.0031) in HG+HI treated cells (Figure 10). 

These data indicate that the negative effects of HG+HI were alleviated in the presence 

of RA. 
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Figure 10: Rosmarinic acid restores the insulin-stimulated glucose uptake in HG+HI 

treated muscle cells. Fully differentiated myotubes were treated without (control, C) 

or with 25 mM and 100 nM insulin (HG+HI) in the absence or presence of 5 µM 

rosmarinic acid (RA) for 24 hours followed by stimulation without or with 100 nM 

insulin (I) for 30 min and [3H]-2-deoxy-D-glucose uptake measurements as indicated 

in the method section. The results are the mean ± SEM of 4-7 independent 

experiments, each performed in triplicate and expressed as percent of basal (*** 

P<0.0002, **** P<0.0001 vs. control, ## P<0.0031, #### P<0.0001 as indicated). 
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Carnosic acid restores the insulin-stimulated glucose uptake in HG+HI treated 

muscle cells 

The effects of carnosic acid (CA) on insulin-stimulated glucose uptake in high 

glucose and high insulin treated L6 myotubes were examined. Stimulation with 

insulin (100 nM, 30 min) resulted in two-fold increase in [3H]-2-deoxy-D-glucose 

uptake (189±10.7% of control, P<0.0001) (Figure 11). The acute insulin response was 

significantly decreased in the HG+HI-treated cells (116±2.9% of control). Most 

importantly, the presence of CA (2 µM) significantly restored the insulin-stimulated 

glucose uptake (183±8.67% of control, P<0.0001) in HG+HI treated cells (Figure 11). 

These data indicate that the negative effects of HG+HI were abolished in the presence 

of CA. 



	 72	

 
Figure 11: Carnosic acid restores the insulin-stimulated glucose uptake in HG+HI 

treated muscle cells.  Fully differentiated myotubes were treated without (control, C) 

or with 25 mM and 100 nM insulin (HG+HI) in the absence or presence of 2 µM 

carnosic acid (CA) for 24 hours followed by stimulation without or with 100 nM 

insulin (I) for 30 min and [3H]-2-deoxy-D-glucose uptake measurements as indicated 

in the method section. The results are the mean ± SEM of 4-7 independent 

experiments, each performed in triplicate and expressed as percent of basal (**** 

P<0.0001 vs. control, #### P<0.0001 as indicated). 

  

C I

HG+HI

HG+HI+
I

CA+HG+HI+
I

0

50

100

150

200

250

2-
D

eo
xy

-D
-g

lu
co

se
 U

pt
ak

e 
(%

 o
f c

on
tro

l)
****

########

****



	 73	

Carnosol restores the insulin-stimulated glucose uptake in HG+HI treated 

muscle cells 

The effects of carnosol (COH) on insulin-stimulated glucose uptake in high 

glucose and high insulin treated L6 myotubes were examined. Stimulation with 

insulin (100 nM, 30 min) resulted in two-fold increase in [3H]-2-deoxy-D-glucose 

uptake (198±3.0% of control, P<0.001) (Figure 12). The acute insulin response was 

significantly decreased in the HG+HI-treated cells (193±4.3% of control). Most 

importantly, the presence of COH (10 µM) significantly restored the insulin-

stimulated glucose uptake (181±14.5% of control, P<0.001) in HG+HI treated cells 

(Figure 12). These data indicate that the negative effects of HG+HI were abolished in 

the presence of COH. 
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Figure 12: Carnosol restores the insulin-stimulated glucose uptake in HG+HI treated 

muscle cells. Fully differentiated myotubes were treated without (control, C) or with 

25 mM and 100 nM insulin (HG+HI) in the absence or presence of 10 µM carnosol 

(COH) for 24 hours followed by stimulation without or with 100 nM insulin (I) for 30 

min and [3H]-2-deoxy-D-glucose uptake measurements as indicated in the method 

section. The results are the mean ± SEM of 4-7 independent experiments, each 

performed in triplicate and expressed as percent of basal (*** P<0.001, **** 

P<0.0001 vs. control, #### P<0.0001 as indicated). 
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CHAPTER 5: Discussion 

Diabetes currently affects over 422 million people worldwide and T2DM is 

the most common form, which arises from an initial impairment of peripheral tissues 

to insulin. Skeletal muscle is the major insulin sensitive tissue and is responsible for 

clearing the majority of circulating glucose after a meal. Therefore, it is crucial to 

fully understand the mechanisms underlying insulin resistance in skeletal muscle. 

Identifying cellular pathways that can act as a potential therapeutic target is of great 

interest. This will further our understanding in the complex cellular events involved in 

the impaired metabolic condition of insulin resistance.  

The study conducted in this thesis examined the ability of RE and RE 

polyphenols to attenuate the HG+HI-induced insulin resistance, an already established 

in vitro model of skeletal muscle insulin resistance. Exposure of L6 myotubes to 25 

mM HG and 100 nM HI for 24 h significantly decreased the insulin-stimulated 

glucose uptake, which is in agreement with previous findings where HG+HI 

environment abolished the insulin-stimulated glucose uptake and Akt phosphorylation 

[98,99,250]. Importantly, in the presence of rosemary extract (RE), carnosic acid 

(CA), rosmarinic acid (RA) and carnosol (COH) the HG+HI-induced insulin 

resistance was prevented (Figures 3, 10-12). An earlier study by our group examined 

their effects in FFA-induced insulin resistance and demonstrated that RE and its 

polyphenols attenuate FFA-induced insulin resistance in L6 myotubes (Vlavheski 

2017). Our study is the first to show that RE and RE polyphenols restored the insulin-

stimulated glucose uptake in HG+HI-induced insulin resistance in L6 myotubes. 
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Investigating the Mechanisms of Action of RE in Insulin Resistant Myotubes.  

 In the present study we found that exposure of L6 myotubes to 25 mM HG 

and 100 nM HI for 24 h increased Ser636/639 phosphorylation of IRS-1 (Figure 4). 

Phosphorylation of Ser636/639 residues on IRS-1 has been linked to reduced 

interaction of IRS-1 and PI3K, a downstream activator of the insulin receptor leading 

to glucose uptake by activating Rac1 and Akt [113]. Exposure to RE decreased the 

HG+HI-induced Ser636/639 phosphorylation of IRS-1. Our study is the first to show 

that Ser636/639 of IRS-1 was increased by HG+HI treatment. Similar to our finding, 

increased Ser636/639 of IRS-1 by mTOR was seen in L6 skeletal muscle cells by 

amino acid treatment [108]. There are limited studies examining the effect of HG+HI 

on serine phosphorylation of IRS-1. A study demonstrated that HG+HI induced 

phosphorylation of Ser1101 on IRS-1 in L6 myotubes via RSK1 dependent 

mechanism [99]. It is possible that phosphorylation of this residue is increased in our 

study as well and future work needs to investigate it. Another study in adipocytes 

demonstrated that HG+HI induce insulin resistance by increasing phosphorylation of 

IRS-1 on Ser318 via PKC-ζ dependent mechanism [115]. It is a possibility that this 

specific residue of IRS-1 is elevated as well. Future work needs to investigate the 

effects of HG+HI on PKC-ζ and see if it is associated with mediating Ser318 

phosphorylation in L6 muscle cells under HG+HI conditions. In addition, HG+HI 

with or without RE decreased the total levels of IRS-1 (Figure 4). These data are in 

agreement with other studies where HG+HI reduced the total levels of IRS-1 in 

adipocytes and L6 myotubes [98,251,252]. Previous studies in CHO cells and 3T3-L1 

adipocytes suggest that chronic insulin treatment promotes IRS-1 degradation by the 

proteasome degradation pathway [254]. Future studies need to explore the use of 
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lactacystin, a specific inhibitor for proteasome degradation, in HG+HI environment 

and its effect on IRS-1 content. 

  Next we investigated the effects of RE on insulin-stimulated Akt 

phosphorylation in a HG+HI environment. Exposure of L6 cells to HG+HI for 24 h 

significantly attenuated the insulin-stimulated phosphorylation of Akt on Ser473 and 

Thr308 (Figure 5). Our data are in agreement with other studies where HG+HI for 24 

h decreased the insulin-stimulated Akt phosphorylation in L6 myotubes [98,99,250]. 

Surprisingly, exposure of the cells to RE did not restore the insulin-stimulated Akt 

phosphorylation. There are several reasons for the decline of the insulin-stimualated 

Akt phosphorylation, firstly, it could have been due to decreased PDK1 and mTORC2 

activity or an increase in dephosphorylation by PP2A. Secondly, it may be due a lack 

of measurement at an earlier time point. A previous study demonstrated that after 

removal of epitochlearis muscles from insulin, Akt and AS160 phosphorylation 

reversed rapidly, with a half life of < 10 min and full reversal was achieved by 20 min 

[255]. Since the insulin-stimulated Akt phosphorylation was only examined at 15 

minutes, a future time course examining insulin-stimulated Akt phosphorylation is 

required to determine if RE acts on an earlier time point. Lastly, the decline may be 

caused by increased phosphorylation of Thr34 on Akt. Lu et al. examined the effects 

of HG+HI in adipocytes and concluded that increased phosphorylation of Thr34 on 

Akt by PKC-ζ blocked the insulin-stimulated Akt phosphorylation on Ser473 and 

Thr308 [115]. It is possible that in our model PKC-ζ is elevated and Thr34 on Akt 

could also be increased.  

Following, we looked at the downstream target of Akt, GSK-3β, and observed 

that in the presence of RE the insulin-stimulated GSK-3β phosphorylation is restored 

(Figure 6). Increased Ser9 phosphorylation decreases GSK-3β activity. Overactivity 
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of GSK-3 has been demonstrated in skeletal muscle of obese, diabetic subjects [123] 

and in skeletal muscle of rodent models of obesity-induced insulin resistance 

[124,256]. Therefore, overactivity of GSK-3 appears to be a common characteristic of 

insulin resistance in skeletal muscle, thus the inhibition of GSK-3 activity is 

associated with improved insulin sensitivity.  

Previous studies have implicated p90 ribosomal S6 kinase (RSK1) in the 

activation of the mTORC1/S6K1 pathway [257,258]. This is accomplished by 

inhibiting the tuberous sclerosis complex (TSC), promoting indirectly the activation 

of mTORC1 and or via the phosphorylation of the mTORC1-scaffold protein Raptor. 

Raptor binds the SAIN (Shc and IRS-1 NPXY binding) domain of IRS-1 and 

regulates the phosphorylation of Ser 636/639 on IRS-1 by mTOR [259]. We observed 

that HG+HI for 24 h is capable of causing mTOR phosphorylation in L6 skeletal 

muscle cells in association with increased Ser636/639 phosphorylation of IRS-1 

(Figure 4, 8). These data are in agreement with other studies implicating mTOR in 

mediating insulin resistance. Exposure of L6 skeletal muscle cells to palmitate (0.4 

mM, 4 h) increased phosphorylation of mTOR and reduced insulin-stimulated glucose 

uptake [260]. This was also demonstrated in C2C12 cells treated with palmitate (0.75 

mM, 8 h) [261]. Other studies demonstrated that chronic consumption of high fat diet 

in rats for 8 weeks resulted in a significant increase in mTOR phosphorylation in 

skeletal muscle [260,262]. Importantly, we show that RE abolishes the HG+HI-

induced increase in mTOR, and IRS-1 (Ser636/639) phosphorylation. We hypothesize 

that the ability of RE to attenuate mTOR phosphorylation is AMPK mediated since 

previous studies have shown that activation of AMPK significantly lowers the activity 

of mTOR [150,263]. 
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  Previous work by our group demonstrated that treatment of L6 myotubes with 

RE (5 µg/ml), CA (2 µM), RA (5 µM) and COH (25 µM) for 4 h increased glucose 

uptake via an AMPK dependent mechanism. In the present study, we found that 

HG+HI for 24 subtly decreased Thr172 phosphorylation of AMPK. These findings 

are in agreement with previous studies where high glucose and insulin environment 

reduces AMPK activity [167,264]. Therefore, we proceeded to examine the effects of 

RE in the presence of HG+HI in L6 myotubes. Exposure of the cells to RE 

significantly increased the phosphorylation of AMPK even in the presence of HG+HI 

(Figure 7). Considering that treatment with RE causes phosphorylation of AMPK, this 

may be the mechanism by which RE attenuates the HG+HI-induced phosphorylation 

of mTOR and its target site, Ser636/639, on IRS-1 in L6 myotubes. This was shown 

by a previous study where knockdown of mTOR, Raptor, and mLST8 (components of 

mTORC1) suppressed Ser636/639 phosphorylation and stabilized IRS-1 after long 

term insulin exposure [259]. Since the AMPK pathway is viewed as an appealing 

target for the prevention/treatment of insulin resistance and T2DM, further 

investigations such as using inhibitor of AMPK (Compound C) or siRNA techniques 

are needed to explore the role of AMPK in mediating the effects of RE and its 

polyphenols. 

JNK is one of the most investigated kinases in obesity models of insulin 

resistance. In this study we did not observe any significant change in JNK 

phosphorylation and total levels (Figure 9). Our results are in agreement with a 

previous study where exposure of L6 myotubes to HG+HI for 24 h did not increase 

JNK activation [98]. Other studies in L6 and C2C12 muscle cells demonstrated that 

palmitate (5 -75 µM, 12 h) treatment increased JNK activation [265,266]. This was 

also shown in in vivo studies where rats fed high fat diet for 30 days increased JNK 
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phosphorylation in insulin target tissues [267]. Similarly, lipid infusion in C57BL/6J 

mice significantly increased JNK activation in muscle tissue [268]. Different 

diabetogenic stimuli trigger the activation of different kinases; from the studies 

mentioned above, it is clear that JNK activation is correlated with high fat diet. 

 Reactive oxygen species (ROS) are produced as a natural by-product of 

oxygen in cellular events such as enzymatic reactions involving oxidases in the 

mitochondria [269]. Oxidative stress is known to damage cellular constituents such as 

nucleic acids, proteins and lipids and can therefore compromise cell viability [270]. 

Oxidative stress is under investigation in a number of disease states, including insulin 

resistance and T2DM, and it has been demonstrated that increased levels of ROS 

paralleled with declining cellular antioxidant capacity can lead to the development of 

insulin resistance [271,272]. Intake of natural antioxidants has been associated with 

reduced risk of disease. Various studies implicate the generation of ROS from 

hyperglycaemia: 1) chronic exposure of adipocytes to 25 mM glucose [270]; 2) 

exposure of HepG2 cells to high glucose (33 mM) [274]; 3) treatment of L6 myotubes 

with high fructose caused impairments in the insulin signaling pathway and increased 

ROS generation [232]. A previous study demonstrated that experimental induction of 

hyperglycemia (15 mM, 6h) in nondiabetic rats resulted in increased markers of 

oxidative stress and contributed to the pathogenesis of hyperglycemia-induced insulin 

resistance. Interestingly, these effects were blocked by the antioxidants N-

acetylcysteine and taurine [275]; A study in vivo demonstrated that induced 

hyperglycemia in rats by stretozotocin (60 mg/kg) induced ROS in the diaphragm 

[276]; Hagve et al. demonstrated that skeletal muscle mitochondria exhibited 

increased ROS emission after acute postoperative insulin resistance [277]. There is a 

strong body of literature showing that RE and RE polyphenols attenuate ROS 
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production and decrease oxidative stress by exhibiting antioxidant activities in vitro 

and in vivo in liver, adipose and skeletal muscle tissue [278–280]. Therefore, RE may 

indirectly affect insulin-stimulated glucose uptake by attenuating the oxidative stress 

and modulating signaling pathways that may negatively regulate glucose uptake. 

First we noted antidiabetic effects with whole RE treatment. Then we 

examined the major polyphenols found in RE, RA, CA and COH, in hopes to 

replicate these effects. Our findings demonstrate that RA, CA, and COH are able to 

restore the insulin-stimulated glucose uptake in a HG+HI environment (Figure 10-12). 

This might be achieved by their ability to activate AMPK. Since these polyphenols 

are potent activators of AMPK, future studies need to examine their effects on the 

insulin signaling pathway in a HG+HI environment.  

The concentration of RA polyphenols used in this study are achievable as 

noted in a previous in vivo animal study [281]. As for CA and COH, due to their 

chemical complementarity with RA, one would expect similar in vivo results. It can be 

concluded from current in vivo studies in rodents that the RE dosage used in vivo 

ranges from 50-200 mg/kg b.w however, how this translates to human, is not 

addressed, particularly in the context of absorption, bioavailability, and metabolites. A 

limited number of studies explored the bioavailability of CA and RA in vivo. It was 

reported that 6 h after oral administration of CA (64.3±5.8 mg/kg) in rats, the 

bioavailability of CA in its free form was 40.1% and its excretion in the feces after 24 

h was 15.6±8.2% [282]. This study also demonstrated that CA can be absorbed into 

the bloodstream after oral administration and some traces of it were found in the rat 

intestine, liver and muscle tissue of abdomen and legs [282]. Another study 

demonstrated the bioavailability of CA and other diterpenoids found in RE and 

detected all the metabolites 25 min after oral administration in rats and found traces of 
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CA in the plasma, intestine and liver with some traces even in the brain [283]. Wang 

et al investigated the acute and 30-day oral toxicity of CA in rats and defined acute 

oral lethal dose in the range of 7100 mg/kg with no major pathological changes in rats 

treated chronically [284]. As for RA, 30 min after oral administration of 50 mg/kg in 

rats maximum plasma concentration reached 4.63 µM [281]. This shines light on RE 

and its major polyphenols showing significant bioavailability in vivo.  

As for the exact mechanism by which RE polyphenols enter the cells is not 

established yet or directly examined. Is has been established that some polyphenols 

can localize intracellularly. Studies employing the use of fluoresecein isothiocyanate 

(FITC)-conjugated CA, RA, and COH, could shine light on a time-dependent 

incorporation of these polyphenols into the cytoplasm and subsequent nuclear 

translocation through confocal microscopy. Another approach is with 3H-labeleing of 

CA, RA, and COH and collection of different cell components including membrane, 

cytoplasm, mitochondria, and nuclei. To determine if these polyphenols can enter the 

cells, structural simulations must be used. Employing NMR spectroscopy, will aid in 

identifying if these polyphenols interact with phospholipid membrane. Assumptions 

can be made considering the chemical properties of these polyophenols. CA is a lipid-

soluble molecule and it is possible that it can be transported into lipid rafts, 

membrane-associated cholesterol-enriched microdomains that harbour many signaling 

proteins, including receptors. CA may then bind to its target receptor and be 

transported into the cytosol by endocytosis. PPARγ is a ligand activated transcription 

factor that increases the transcription of enzymes involved in primary metabolism, 

leading to lower blood levels of fatty acids and glucose. A previous study 

demonstrated that RE is capable of selectively activating PPARγ, in a concentration-

dependent manner, with EC50 values of 22.8 ± 8.4 mg/L. Further analysis of 
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characteristic constituents revealed the phenolic diterpene compounds CA and COH 

to be active principles of these RE, showing EC50 value of 41.2 ± 5.9 µM [285].  

Conclusion 

The International Diabetes Federation projected the prevalence of T2DM to 

affect 420 million people worldwide by the year 2040. Therefore, drug development 

strategies to aid in the prevention and management of T2DM may benefit our society. 

As mentioned above, RE and its polyphenols demonstrate antidiabetic properties in 

insulin target tissues both in vitro and in vivo. Here we show that exposure of L6 

myotubes to 25 mM HG and 100 nM HI significantly reduces the insulin-stimulated 

glucose uptake, Akt phosphorylation and increased the phosphorylation of Ser636/639 

residues on IRS-1. Additionally, HG+HI increased the phosphorylation of mTOR. 

Most importantly RE and RE polyphenols restored the insulin-stimulated glucose 

uptake, increased AMPK phosphorylation and abolished the HG+HI-induced mTOR 

phosphorylation.  

Future directions and limitations 

Future work needs to be conducted in order to investigate the mechanism of 

action of RE polyphenols and their ability to attenuate HG+HI-induced insulin 

resistance. In addition, until now we do not know how RE and RE polyphenols 

activate AMPK. With that being said, utilizing siRNA against proteins of interest (i.e 

LKB1 and TAK1) can clarify the picture further and shine more light on the 

mechanism of AMPK activation. Future studies need to investigate the effects of RE 

and its polyphenols on adenine nucleotides levels, mitochondrial function and 

biogenesis, thus further elucidate the mechanism behind AMPK activation. The 

methodology used in the study focused on exploiting the phosphorylation and 

expression of specific proteins by immunoblotting that are involved in the insulin 
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signaling pathway, including IRS-1, Akt, GSK-3β, mTOR, JNK, and AMPK. Future 

studies need to look at the insulin receptor, tyrosine phosphorylation of IRS-1, and 

Rac1. In addition, utilizing GLUT4myc L6 cells, confocal microscopy, and 

immunocytochemistry GLUT4 translocation can be assessed. Furthermore, in vivo 

studies need to be conducted by utilizing hyperglycaemic and hyperinsulinemic 

clamps or the isolation of primary tissue culture of adipose, muscle and hepatic tissue 

in order to add further understanding to this particular research.  
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