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Abstract 
 

Insulin resistance is the reduced responsiveness of a target tissue to insulin. Insulin 

resistance is an underlying cause of Type 2 diabetes mellitus (T2DM) and cardiovascular 

diseases, two debilitating diseases. Therefore, targeting insulin resistance can help prevent the 

development of T2DM and cardiovascular diseases.  

Dietary protein, and in particular branched-chain amino acids (BCAAs; leucine, valine 

and isoleucine) stimulate muscle protein synthesis, and regulate body weight and glucose 

homeostasis. However, despite these benefits, circulating levels of BCAAs and BCAA 

metabolites, branched-chain a-ketoacids (BCKAs) are upregulated in insulin-resistant states like 

T2DM. This raises the question if upregulated levels of BCAAs and BCKAs cause insulin 

resistance or are a symptom of insulin resistance. Numerous studies have also shown how insulin 

resistant states can regulate the BCAA catabolic pathway and the enzymes involved, and how 

targeting this pathway can provide benefits in regards to insulin resistance and its sequalae. Thus, 

the purpose of this dissertation is to examine the link between BCAAs and their metabolism, and 

insulin resistance. 

Previous in vitro studies have showed that depletion of branched-chain ketoacid 

dehydrogenase (BCKD), the enzyme responsible for the catabolism of BCKAs, suppressed 

insulin-stimulated glucose uptake in L6 myotubes and the metabolite of leucine, ketoisocaproic 

acid (KIC) worsens it. Thus, I demonstrated that interventions that increased BCKD activity 

improved insulin sensitivity and attenuated the suppressive effect of KIC on insulin sensitivity in 

L6 myotubes.  

We have previously shown that KIC reduces insulin-stimulated glucose transport in 

muscle cells. However, contributions from other tissues aside from skeletal muscle in BCAA 
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metabolism emphasize the importance of studying the effect of KIC gavage in vivo as well. 

Whereas KIC alters insulin signaling in the liver, it did not affect whole-body insulin tolerance.  

Finally, since BCAA catabolism is implicated in many chronic conditions like insulin 

resistance, and age is a major risk factor in insulin resistance, we assessed how aging affects 

BCAA catabolism in both sexes. There was an increase in plasma BCAAs of old male mice, but 

changes in BCAA levels in plasma/tissues were not largely consistent with any changes in 

metabolic enzyme abundance/activity and did not correlate with changes in insulin sensitivity 

with sex or aging. Taken together, this thesis shows that although KIC suppresses glucose 

transport in vitro and its effect is attenuated by increasing BCAA oxidation, it does not affect 

insulin sensitivity in vivo likely due to contributions of the liver to catabolize KIC. Also, 

increases in plasma BCAAs seen in older male mice does not correlate with increased insulin 

resistance, suggesting that greater BCAAs in plasma may only be present in disease states. 

Together these studies suggest that altered BCAA levels do not cause insulin resistance but are a 

result of insulin resistance.  
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Chapter 1: Introduction 

Insulin resistance is an underlying cause of type 2 diabetes mellitus (T2DM) (1) and 

cardiovascular diseases (2). This has resulted in a growing importance in the study of insulin 

resistance and how it is implicated in chronic disease. Insulin resistance is the suppressed 

response to insulin by a target tissue (3). Genetics can play a role in the onset of insulin 

resistance, but lifestyle choices can also reduce the risk of developing insulin resistance (4). A 

sedentary lifestyle is associated with an increased risk of insulin resistance (5,6). The increasing 

prevalence of insulin resistance is also linked to the rise in obesity rates, as obese individuals 

experience insulin resistance (6). The overconsumption of energy is also major risk factor in 

obesity induced insulin resistance (7). 

Calorie restriction is a strategy applied for weight loss, but this can lead to loss of muscle 

mass. High protein diets or branched-chain amino acid (BCAAs; leucine, valine, isoleucine) 

supplements are recommended to counter these losses (8,9). Dietary protein, and in particular, 

BCAAs stimulate muscle protein synthesis, and regulate body weight and glucose homeostasis 

(10). However, despite these benefits, increased circulating levels of BCAAs and BCAA 

metabolites, branched-chain a-ketoacids (BCKAs; alpha-ketoisocaproic acid (KIC), alpha-keto-

beta methylvaleric acid (KMV), and alpha-ketoisovaleric acid (KIV)) are seen in insulin-resistant 

states like T2DM (11–13). Thus, although BCAAs may protect against muscle mass loss, it 

might contribute to reduced insulin sensitivity. This raises the question if upregulated BCAA and 

BCKA levels seen in insulin resistance are correlative or causative. 

Many studies have shown that BCAAs can act as anabolic signals like insulin. BCAAs 

activate mammalian/mechanistic target of rapamycin complex 1 (mTORC1) and p70 ribosomal 

protein S6 kinase-1 (S6K1) leading to increased protein synthesis. Increased activation of 



 15 

mTORC1/S6K1 leads to the phosphorylation of inhibitory serine residues of the insulin receptor 

substrate-1 (IRS-1) by S6K1, and thus hindering downstream insulin signaling (14,15). 

We have previously shown that leucine (16) and KIC (16,17) suppressed insulin-

stimulated glucose uptake in L6 myotubes, along with the activation of the S6K1-IRS-1 

mechanism. We have also shown that leucine gavage in rats worsened insulin tolerance, and this 

is seen with a consistent increase in S6K1 phosphorylation (18). The effect of BCAAs/BCKAs 

can also be attributed to the muscle fiber type, as BCAAs did not phosphorylate mTOR 

(Ser2448) in the soleus but did in the extensor digitorum longus (EDL) muscle (19). However, 

some studies have shown improved insulin sensitivity with leucine supplementation in vivo (20–

22). 

This discrepancy of BCAA supplementation on insulin sensitivity and insulin signaling 

suggests that perhaps the increase in BCAAs during insulin resistance might be a product of 

altered BCAA metabolism. One study shows a reduction in branched-chain aminotransferase 2 

(BCAT2) mRNA expression, the enzyme responsible for the catabolism of BCAAs into BCKAs, 

in patients with T2DM. That study also showed reduction in the beta subunit of branched-chain 

ketoacid dehydrogenase (BCKD) mRNA expression, the enzyme responsible for the irreversible 

oxidation of BCKAs into their acyl-CoA derivatives (23), in patients with T2DM. In our 

previous work, we showed that depletion of BCKD in L6 myotubes leads to reduced insulin 

sensitivity in starved conditions (17), suggesting a connection between skeletal muscle BCAA 

catabolism and insulin sensitivity. 

Altered BCAA metabolism is implicated in many human diseases like diabetes (23,24), 

cardiovascular disease (25,26), chronic kidney disease (27,28), liver disease (29,30) and cancer 

(31–33). Age is an important risk factor (34–37) for these diseases. However, there are no studies 
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that have investigated BCAAs and their metabolism in aging. Interestingly, aged men exhibit 

significantly lower circulating BCAA levels (38–40). This complicates the relationship between 

BCAAs and their metabolism, and insulin resistance, as insulin resistance is more prevalent in 

older individuals (41), and BCAAs are upregulated in insulin resistance (12,13). Also, sex 

hormone estrogen inhibits the BCKD complex by activating branched-chain ketoacid 

dehydrogenase kinase (BDK), a negative regulator of BCKD, decreasing BCAA catabolism 

(42,43). Males have greater leucine oxidation compared to women following endurance exercise 

(44). This emphasizes the importance of studying BCAA and their metabolism in two 

underrepresented groups (females and old populations), as this could have major implications in 

understanding disease development and potential treatment, as most intervention studies target 

young male animals.  

Here we aim to answer, firstly, does depleting/inhibiting BDK improve insulin 

sensitivity, and can it attenuate BCAA/BCKA induced suppression of insulin-stimulated glucose 

uptake in L6 myotubes. Also, we will analyze how mTORC1 signaling is implicated in the link 

between BCAA catabolism and insulin sensitivity. Secondly, what is the effect of KIC gavage on 

whole-body insulin sensitivity and insulin signaling in various tissues, and if different muscle 

fiber types respond differently to KIC gavage. Lastly, what is the effect of aging and sex on 

BCAA metabolism. This thesis will help elucidate potential mechanisms involved in the 

pathogenesis of insulin resistance. It will also give insight on how targeting BCAA metabolism 

can provide therapeutic benefits against the development and management of insulin resistance.  
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Chapter 2: Literature Review 

Here I will review the insulin signaling pathway, with a focus on proteins in the insulin 

signaling pathway that may be affected by BCAAs (IRS-1/Protein kinase B 

(Akt)/mTORC1/S6K1). I will then discuss the causes and molecular mechanisms of insulin 

resistance. Next, I will discuss BCAAs, and how they are metabolized and regulated. Finally, I 

will discuss the link between BCAAs and their metabolism with insulin signaling and insulin 

resistance. 

 

2.1 Insulin Signaling  

2.1.1 Insulin Receptor and Insulin Receptor Substrates 

The first step in insulin signaling involves the insulin receptor. The insulin receptor is a 

heterotetrametric glycoprotein comprising of two a and two b subunits (45,46). The subunits are 

linked by disulfide bonds in an a-b-b-a arrangement. The a subunits are on the extracellular 

side of the membrane, which has the insulin binding site. The b subunits are on the intracellular 

side of the membrane to transmit the insulin signal downstream (45). Insulin binds to the a 

subunit, resulting in a conformational change in the insulin receptor, leading to the 

phosphorylation of the Tyr960 residue of the b subunit (45) (Figure 2.1). This further activates 

the b subunit and its kinase activity, allowing for propagation of the signal downstream.  

The insulin receptor propagates this signal to the insulin receptor substrate (IRS), which 

is recruited to the insulin receptor through pleckstrin homology and phosphotyrosine binding 

domain (46). IRSs are a family of proteins, from IRS-1 through to IRS-6. For activation of IRSs 

they are phosphorylated on tyrosine residues by the insulin receptor (47). The insulin receptor 

and IRS tyrosine phosphorylation is transient and are dephosphorylated by protein tyrosine 
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phosphatase 1B (PTP1B) (48). Muscle specific knockout of PTP1B results in improved insulin 

sensitivity (49).  

IRS-1 also has inhibitory serine/threonine residues, which hinder the propagation of the 

insulin signal downstream, and triggers the degradation of IRS-1 when phosphorylated (47). 

IRS-1 is necessary for glucose uptake in L6 myoblasts (50), while IRS-2 is not required for 

glucose uptake (51,52). IRS-3 is present in adipocytes, liver and lung in rodents, while IRS-3 is 

not present in humans (53). IRS-4 mRNA is present in skeletal muscle, liver, heart, brain, and 

kidney (53). IRS-5 and IRS-6 have limited tissue expression and are relatively poor insulin 

receptor substrates (54). The importance of IRS-1 in insulin signaling has been emphasized with 

IRS-1 knockout mice exhibiting peripheral insulin resistance and decreased growth (55). 

2.1.2 IRS-1/PI3K/Akt Pathway  

IRS-1 transmits the insulin signal to two pathways, the phosphoinositide 3-kinase (PI3K)-

protein kinase B (Akt) pathway (Fig 2.1) and the extracellular signal-regulated kinase (ERK) 

pathway (56). We will focus on the PI3K-Akt pathway, as this pathway is implicated in BCAA-

induced insulin resistance.  

PI3K is a heterodimer comprising of a catalytic and a regulatory subunit (57). The 

regulatory domain binds to activated IRS-1 through two SH2 domains, activating the catalytic 

subunit of PI3K. When PI3K is activated, it phosphorylates phosphatidylinositol 4,5-

bisphosphate (PIP2) to generate a lipid second messenger phosphatidylinositol (3,4,5)-

triphosphate (PIP3). Phosphate and tensin homolog deleted on chromosome 10 (PTEN) is a 

phosphatase that antagonizes PI3K. It converts PIP3 into PIP2 to inhibit further insulin signaling 

(58). The loss and mutation of PTEN leads to hyperactive PI3K signaling (58). Hyperactive 
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PI3K has been implicated in tumor progression (59), emphasizing the importance of PTEN in 

regulating insulin signaling.  

Ultimately, PIP3 activates 3-phosphoinositide-dependent protein kinase 1 (PDK1) by 

interacting with the PH domain of PDK1. Once PDK1 is activated, it phosphorylates Akt at 

Thr308 (60) (Fig 2.1). For full activation, Akt requires Ser473 phosphorylation as well, which is 

catalyzed by mammalian/mechanistic target of rapamycin complex 2 (mTORC2) (61). Akt has 

three different isoforms (62). Akt2 is the most predominant isoform in insulin-sensitive tissues. 

Akt2 knockout mice develop insulin resistance, while knockout of Akt1 and Akt3 do not (63).	 

PDK1 is also important in the activation of atypical protein kinase C (aPKC) (Fig 2.1). 

aPKC is critical in both the translocation and docking/fusion of glucose transporter type 4 

(GLUT4) to the plasma membrane (64) and is required for insulin-mediated glucose uptake in 

skeletal muscle (65). aPKC is activated by the allosteric binding of PIP3 and phosphorylation at 

the Thr410 residue by PDK1 (66–68).  

Phosphorylated Akt plays an important role in insulin-stimulated glucose uptake as it also 

regulates the translocation of GLUT4 from intracellular vesicles to the plasma membrane (69). 

Constitutively active Akt results in the translocation of GLUT4 to the plasma membrane (70), 

while inhibition of Akt blocks insulin-mediated translocation of GLUT4 (71,72), emphasizing 

the role of Akt in glucose transport. 
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 Akt regulates GLUT4 translocation through Akt substrate of 160 kDa (AS160) (Fig 2.1). 

Phosphorylated Akt phosphorylates AS160, also called TBC1 domain family 4 (TBC1D4) at 

Thr642, and its homolog TBC1D1 at Thr596 (73–75). Phosphorylated AS160/TBC1D1 binds  

 

to 14-3-3, which leads to the inhibition of GTPase activity (hydrolysis of GTP to GDP) by Rab-

GTPase-activating protein (GAP) toward Rab proteins, as Rab proteins need to be GTP loaded to 

facilitate GLUT4 translocation and fusion to the plasma membrane (76). AS160 deficient mice 

exhibit reduced basal and insulin-stimulated glucose uptake in skeletal muscle, highlighting the 

importance of AS160 in glucose transport (77). 

Figure 2.1: Simplified overview of insulin signaling pathway and proteins involved in 
glucose transport, and protein synthesis. Insulin activates the insulin receptor and IRS-1 
leading to the activation of the PI3K pathway and PIP3 synthesis. PIP3 activates PDK1, which 
phosphorylates Akt. Activated Akt phosphorylates and inactivates the TSC complex, allowing 
RHEB to remain GTP loaded to activate mTORC1. Activated mTORC1 phosphorylates 4E-BP1 
and S6K1, and S6K1 phosphorylates S6, ultimately leading to an upregulation of protein 
synthesis. Figure modified from (440). 
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2.1.3. Akt/mTORC1 Pathway 

Along with AS160, Akt is also crucial in the activation of mammalian/mechanistic target 

of rapamycin complex 1 (mTORC1). mTORC1 is important in the regulation of processes 

involved in growth, glucose and lipid metabolism, and protein synthesis. Activated Akt 

phosphorylates Thr1462 of tuberous sclerosis complex protein 2 (TSC-2) (Fig 2.1). This results 

in the degradation of a complex formed between TSC-2 and TSC-1, leading to activation of 

mTORC1 (78). Degradation of TSC-2 prevents its GTPase activity to inhibit Ras homologue 

enriched in brain (Rheb), as GTP loaded Rheb activates mTORC1 (78,79). Activated Akt also 

phosphorylates proline-rich Akt substrate 40 kDa (PRAS40), an inhibitor of mTORC1, 

alleviating the inhibition on mTORC1 (80). 

 

2.2 Mammalian Target of Rapamycin Complex 1 (mTORC1)  

mTOR is a serine/threonine protein kinase that forms the catalytic subunit of complexes, 

mTORC1 and mTORC2. mTORC1 is sensitive to extracellular and intracellular signals like 

stress, energy status, and amino acids, and controls many biological processes (81). Activated 

mTORC1 is implicated in cell growth, proliferation, survival, and metabolism. Once it is 

activated by insulin it can promote protein synthesis, lipid metabolism, and inhibit autophagy. It 

is also linked to numerous disease states, such as cancer, insulin resistance and type 2 diabetes 

mellitus (T2DM) (81,82).  

It has six components: mTOR, the catalytic subunit of the complex; regulatory-associated 

protein of mTOR (Raptor); mammalian lethal with Sec13 protein 8 (mLST8, also known as G 

protein beta subunit-like (GbL)); PRAS40; FK506 binding protein 12 (FKBP12) and DEP-

domain-containing mTOR-interacting protein (Deptor) (83,84). PRAS40, and FKBP12 are 
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negative regulators of just mTORC1, while Deptor is a negative regulator of both mTORC1 and 

mTORC2 (83,85). The function of mLST8 seems unclear as its deletion does not affect 

mTORC1 activity (86). Raptor is a scaffolding protein that plays an important role in the 

regulation of mTORC1. Raptor interacts with upstream regulators like Rheb (87) and RagB (88) 

and downstream substrates like ribosomal protein S6 kinase 1 (S6K1) and eukaryotic translation 

initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) (89). Once mTOR is activated, it 

phosphorylates PRAS40 and Deptor, reducing the physical interaction of these negative 

regulators with mTORC1, leading to enhanced mTORC1 activity (83,90).  

 

2.2.1 Downstream Substrates of mTORC1 

Two downstream substrates of mTORC1, S6K1 and 4E-BP1 (Fig 2.1), are involved in 

regulating protein synthesis (78) (Fig 2.1). These two are amongst the best characterized 

substrates of mTORC1. mTORC1 phosphorylates the Thr389 site of S6K1 leading to its 

activation. Activated S6K1 activates key substrates involved in mRNA translation initiation, like 

eukaryotic initiation factor (eIF) 4B, a positive regulator of the 5’cap binding to the eIF4F 

complex (91). S6K1 also phosphorylates programmed cell death 4 (PDCD4), an inhibitor of 

mRNA translation, which results in its degradation, relieving its interaction with eIF4A (92,93). 

The best characterized substrate of S6K1 is ribosomal protein S6 (S6) (Fig 2.1). S6K1 activates 

S6 by phosphorylating it at its 5 serine residues, Ser235, Ser236, Ser240, Ser244 and Ser247. 

Activated S6 is a ribosomal protein involved in the initiation of mRNA translation (94,95).  

4E-BP1 is another substrate of mTORC1 involved in protein synthesis. 4E-BP1 is a 

negative regulator of protein synthesis (96). 4E-BP1 inhibits translation by binding and 
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sequestering eIF4E to prevent assembly of the eIF4F complex. mTORC1 phosphorylates 4E-BP1 

at Ser65 resulting in its dissociation from eIF4E, allowing for mRNA translation to occur (97).  

 
2.2.2 Upstream Regulators of mTORC1  

As stated above, mTORC1 is involved in numerous anabolic processes. mTORC1 is 

regulated by upstream stimuli. It is positively regulated by growth factors like insulin and 

insulin-like growth factor-1, inflammation, and amino acids. It is negatively regulated by cellular 

energy status, and stressors like hypoxia.  

 

2.2.2.1 Energy Status 

Low energy levels activate AMP activated protein kinase (AMPK) (98), which 

phosphorylates TSC-2 (99) to inhibit mTORC1. AMPK can also phosphorylate Raptor, resulting 

in its binding to 14-3-3 to inhibit mTORC1 (100). During glucose starvation, tumor suppressor 

protein 53 can also inhibit mTORC1 (101).  

 
 
2.2.2.2 Stress  
 

Certain stressors like hypoxia and inflammation can regulate mTORC1. During hypoxia, 

DNA damage and development 1 (REDD1) can inhibit mTORC1 through TSC-2 activation 

(102,103). In certain cancers IkB kinase A (IKKA), an important protein in inflammation 

signaling, can directly phosphorylate mTORC1 (Ser 1415), activating it, and leading to 

proliferation of cancer cells (104). IkB kinase b (IKKB) can also phosphorylate TSC-1, resulting 

in the activation of mTORC1 (105).  
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2.2.2.3 Amino Acids  
 

Amino acids are important for synthesis of proteins, but they can also act as nutrient 

signals to induce cell growth. Cells can stimulate anabolic processes like protein synthesis based 

on the availability of amino acids (106). Specifically, BCAAs can activate mTORC1 signaling, 

which has been implicated in insulin resistance (14,15,21,107–114). 

 Availability of amino acids leads to the translocation of mTORC1 to the late 

endosomal/lysosomal membranes resulting in its activation by Rheb, while absence of amino 

acids results in the translocation to the cytosol away from the late endosomal/lysosomal 

membranes preventing activation of the complex (88,115).  

Sestrins are proteins that negatively regulate mTORC1. Sestrin1 and sestrin2 negatively 

regulate Gap activity towards Rags 2 (GATOR2), a positive regulator of mTORC1. GATOR2 

inhibits the GAP activity of GATOR1 on RagA/B. RagA/B need to be GTP loaded for mTORC1 

activation (116). When deprived of leucine, sestrin1 and sestrin2 bind to GATOR2 (116,117), 

leading to reduced activation of mTORC1. When leucine is present, sestrin2 disassociates from 

GATOR2 (118,119), allowing for the translocation of mTORC1 to the lysosome to be active.  

 

2.3 Insulin Resistance 
 

Insulin resistance is the suppressed response to insulin by a target tissue (3) and is the 

underlying cause of T2DM. Insulin resistance impairs glucose disposal resulting in a 

compensatory increase in the production of insulin, ultimately resulting in hyperinsulinemia 

(120). Insulin resistance is characterized by hyperglycemia, and can cause an array of metabolic 

issues including hypertension, dyslipidemia, hyperuricemia, elevated inflammatory markers, 

endothelial dysfunction, and a prothrombotic state (120). Understanding how insulin resistance 
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affects the insulin signaling pathway is imperative. Below I will discuss the different causes of 

insulin resistance, which include genetics, lack of physical activity and obesity, and nutrition. 

Then I will highlight the molecular mechanisms of insulin resistance and how they impact the 

insulin signaling cascade explained above. This will lead me into the focus of my thesis, BCAAs 

and their metabolism, and how they are linked to insulin resistance and the insulin signaling 

pathway.   

 

2.3.1 Causes of Insulin Resistance  
 
2.3.1.1 Genetics 
 

Leprechaunism Rabson-Mendenhall syndrome is autosomal recessive condition where 

both alleles in the insulin receptor are mutated leading to elevated insulin resistance. Patients 

with this disease only partially respond to insulin (121). Type A insulin resistance syndrome is 

another autosomal recessive or dominant genetic disease affecting the insulin receptor (122,123). 

Patients with both of these diseases need significantly more insulin than even a typical diabetic 

patient (124). A single nucleotide polymorphism in IRS-1 (Gly972Arg) can lead to insulin 

resistance (125). A Thr608Arg missense mutation in IRS-1 also results in decreased insulin 

signaling (126).  

 
 
2.3.1.2 Lack of Physical Activity and Obesity 
 

Physical activity is commonly prescribed in response to insulin resistant states like in 

obesity and T2DM. Daily physical activity is a major determinant of insulin sensitivity (127), as 

exercise training increases glucose uptake, and GLUT4 protein expression in skeletal muscle 

(128–130), even in T2DM patients (131,132). An acute bout of exercise reduces blood glucose 
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levels in T2DM patients similar to non-diabetic individuals (133). GLUT4 translocation from 

intracellular vesicles to the plasma membrane in skeletal muscle was similar in both nondiabetic 

and diabetic subjects in response to exercise (68). Exercise-induced glucose uptake can take 

place independent of insulin action (134), and this can persist for 48-hours post exercise (20).  

Epidemiological studies reveal that the risk of insulin resistance increases as body fat 

content increases (135) and intra-abdominal depots compared to peripheral fat depots are more 

strongly linked to insulin resistance (136) and physical inactivity directly leads to an increase in 

intra-abdominal fat depots (137).  

Mechanistically, physical inactivity promotes insulin resistance in many ways. A lack of 

exercise is associated with islet cell insufficiency (138), and exercise improves beta cell function 

in type 2 diabetes (139). Exercise also suppresses the apoptosis of beta cells seen in T2DM, 

increasing the functional mass of beta cells (140). 

Physical inactivity and sedentary behaviours can have a negative effect on mitochondrial 

function (141,142). Limb immobilization downregulates mitochondrial proteins abundance 

(143). Trained individuals had greater mitochondrial function than sedentary individuals (144). 

Physical inactivity also increases oxidative stress (145,146), and promotes inflammation 

(147,148), which will be discussed further below on how they mechanistically induce insulin 

resistance.  

  

2.3.1.3 Nutrition 
 

Chronic overconsumption of energy coupled with physical inactivity leads to intra-

abdominal fat, leading to insulin resistance (149). In mice, a normocaloric diet also attenuates the 

effect of a high fat diet (HFD) and improves insulin sensitivity, suggesting that it is imperative to 



 27 

maintain energy balance (150), however even during bed rest and when energy intake is reduced, 

glycemia is still increased (151). High lipid, protein and carbohydrate diets have been implicated 

in insulin resistance, and I will discuss each below.   

 

2.3.1.3.1 High Lipid Intake 
 

A HFD contributes to obesity and insulin resistance. Epidemiological studies (152,153) 

and cross sectional studies (154,155) display a link between a HFD and obesity. However, 

energy intake may also have implications on the effect of a HFD on insulin sensitivity. A high fat 

hypocaloric diet did not differ from a high carbohydrate hypocaloric diet in terms of insulin 

sensitivity, but a high fat hypocaloric diet reduced lipids in the blood and systemic inflammation 

(156). T2DM patients fed a calorie unrestricted diet with high fat and low carbohydrates 

exhibited improvements in glycemic control and weight loss (157).  

Mechanistically, GLUT4 activity was reduced in response to a HFD in rat skeletal muscle 

(158). A HFD has shown to worsen insulin and glucose tolerance (159). Saturated fatty acid, 

palmitate, induces hepatic insulin resistance by stimulating reactive oxygen species (ROS), 

leading to reduced tyrosine phosphorylation of IRS-2 (160). Interestingly, acute supplementation 

of palmitate to L6 muscle cells led to increased Akt phosphorylation and glucose uptake (161), 

but chronic exposure to palmitate in beta cells led to decreased Akt phosphorylation through the 

activation of mTORC1/S6K1 (162).  Interestingly, in rats a HFD impairs the central nervous 

system ability to regulate food intake and body weight regardless of obesity. The inability to 

reduce food intake was consistent with reduced insulin signaling in the hypothalamus (163). 

Another study showed that a diet high in saturated fat decreased insulin sensitivity in 

overweight/obese with normal glucose tolerance without changes in intra-abdominal fat (164).  
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Typically in rodents, diets consisting of 45-60% fat are considered an HFD, and have 

both shown to induce obesity (165), and exhibit reduced insulin sensitivity (166). Ketogenic 

diets are high in fats and low in carbohydrates. Ketogenic diets differ from typical high fat diets 

as ketogenic diets must be low in carbohydrates to induce ketosis (167), unlike typical high fat 

diets, which do not need to limit carbohydrates. Ketogenic diets help against obesity and improve 

insulin sensitivity (168,169). 

 

2.3.1.3.2 High Carbohydrate Intake 
 

Regarding insulin resistance, high carbohydrate diets get less attention in the literature 

compared to an HFD. High fructose and sucrose diets result in reduced insulin sensitivity in rats 

(170), but the effect of sucrose in humans is not as convincing (171). Compared to a high 

saturated fat diet, a high carbohydrate diet improved insulin sensitivity in young subjects (172). 

A high carbohydrate and fiber diet increased peripheral insulin sensitivity (173). One study 

showed no change in whole-body insulin sensitivity in response to high carbohydrate feeding 

and high fat feeding, but a high carbohydrate diet increased tyrosine phosphorylation of IRS-1 in 

skeletal muscle, with increased PI3K activity, while a HFD increased inhibitory serine 

phosphorylation of IRS-1 in skeletal muscle (174). Interestingly,  A high carbohydrate 

hypocaloric diet worsened insulin sensitivity (175). However, in another study, obese men fed a 

hypocaloric diet consisting of high carbohydrate exhibited improved insulin sensitivity (176), 

suggesting that total energy intake may have greater impacts than specific macronutrient intake 

on insulin sensitivity. 
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2.3.1.3.3 High Protein Intake 
 

High protein diets are often recommended against obesity (177). Increasing absolute 

protein intake to 1.5-2g/kg of body weight has been suggested for overweight/obese individuals 

with T2DM (178), with normal kidney function, as it promotes insulin secretion (179) and 

reduces hemoglobin A1C (180). Dietary protein promotes insulin release and glucose uptake by 

the tissues (181). Overweight humans on a high protein diet for 6 weeks had reduced insulin 

sensitivity, along with increased S6K1 phosphorylation. However, the reduced insulin sensitivity 

was attenuated with individuals on the high protein diet for longer periods (18 weeks) (182). 

Arginine is another amino acid implicated in insulin resistance, as arginine supplementation in 

rats for 4 weeks reduced insulin sensitivity (183). However, another study showed that arginine 

supplementation for 6 days increased glucose uptake in L6 myotubes, consistent with enhanced 

Akt phosphorylation (184). Additionally, methionine restricted mice are resistant to diet-induced 

obesity and insulin resistance, with enhanced phosphorylation of Akt in liver (185,186). BCAAs 

are recommended for weight management (187) and the literature suggests a link between 

BCAAs supplementation and insulin resistance (21,107,112–114). 

Interestingly, a high protein hypocaloric diet further increased weight loss and insulin 

sensitivity compared to just a hypocaloric diet (188). Another study showed that a high protein 

hypocaloric diet improved insulin sensitivity (175). As touched on in the high lipid and 

carbohydrate intake sections, energy intake may play the biggest role in treatments against 

obesity and insulin resistance.  
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2.3.2 Molecular Mechanisms of Insulin Resistance  

2.3.2.1 Chronic Inflammation  

During insulin resistance (189) and obesity (190), pro-inflammatory cytokine levels are 

increased. Pro-inflammatory cytokines can activate c-jun N-terminal kinase (JNK), which then 

phosphorylates IRS-1 (Ser302/307), which in turn hinders insulin signaling (191). Knockdown 

of JNK protects against obesity induced insulin resistance (192).  

Pro-inflammatory cytokines like tumor necrosis factor-alpha (TNF-a) released from 

adipose tissue can trigger insulin resistance by activating serine residues of IRS-1 in skeletal 

muscle (191,193). Interleukin-6 (IL-6) is another pro-inflammatory cytokine that activates Janus 

kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway and 

increases the expression of suppressor of cytokine signaling 3 (SOCS3). This results in reduced 

expression of GLUT4 and IRS-1 (194,195).  

 

2.3.2.2 Accumulation of Lipid Intermediates 

  Diacylglycerol (DAG) levels are increased in many organs of obese individuals (196). 

Increases in DAG levels can activate protein kinase C (PKC) and JNK (197,198) leading to 

increases in IRS-1 (Ser302/307/1101) phosphorylation (191). Ceramides are another type of lipid 

molecule that can activate JNK and PKC to induce insulin resistance (199,200). One study shows 

that reduced insulin sensitivity and Akt phosphorylation was consistent with increased ceramide 

levels in C2C12 myotubes. Inhibiting ceramide synthesis attenuated this reduction of Akt 

phosphorylation and insulin sensitivity (201).  
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2.3.2.3 Oxidative Stress 

High fat feeding activates ROS production before the onset of inflammation or insulin 

resistance (202). Excess ROS is produced in response to mitochondrial dysfunction (203). 

Oxidative stress induces insulin resistance in both adipose tissue (204) and skeletal muscle (205). 

Like inflammation, ROS activates JNK and PKC to phosphorylate serine residues of IRS-1 to 

hinder downstream insulin signaling (206). Thus, the upregulation of ROS might be the key 

event in triggering HFD-induced insulin resistance (202). Another study supports this as mice 

deleted of NADPH oxidase 2 (Nox2), a ROS generating enzyme, show an attenuation of insulin 

resistance from an HFD. Nox2 knockdown also attenuated glucose and palmitate induced insulin 

resistance, but not H2O2 induced insulin resistance (207). Interestingly, some studies have shown 

ROS can also promote insulin sensitivity (208). ROS can inhibit PTEN and PTP1B (209,210), 

which are negative regulators of the insulin signaling pathway. 

 

2.4 Branched Chain Amino Acids (BCAAs) 
 

BCAAs activate mTORC1 and muscle protein synthesis. BCAA-rich diets or BCAA 

supplementation stimulate muscle protein synthesis (211–213), regulate body weight (214,215), 

and reduce protein breakdown (211,216). 

Despite the benefits of the BCAAs, they have been implicated in insulin resistance. 

Plasma BCAA levels are increased in insulin resistant states like obesity and T2DM 

(11,108,217,218). In clinical studies, BCAA levels in the blood positively correlate with insulin 

resistance (218–220). BCAA levels are also predictive of future insulin resistance or T2DM 

(218,221,222). Questions remain if increased levels of BCAAs in insulin resistance is causative 
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or correlative. Here I will discuss the BCAAs, their metabolism and regulation, and then finally 

how BCAAs are linked with insulin resistance. 

 

2.4.1 BCAA Catabolism  
          

BCAAs share the initial two steps in their catabolism (Fig 2.2). The first step is a 

transamination reaction catalyzed by branched-chain aminotransferase 2 (BCAT2). This first 

step is reversible, and it yields branched-chain alpha-ketoacids (BCKAs; α-ketoisocaproate/4-

methyl-2-oxopentanoic acid (KIC) from leucine, α-keto-methylvalerate/3-methyl-2-

oxopentanoate, (KMV) from isoleucine, and α-ketoisovalerate/3-methyl-2-oxobutanoic acid 

(KIV) from valine). During the transamination reaction, the amino group released from the 

BCAAs reacts with α-ketoglutarate (α-KG) to produce glutamate (223).  

The next step of BCAA catabolism is the irreversible oxidative decarboxylation of 

BCKAs. This reaction is catalyzed by branched chain α-keto acid dehydrogenase complex 

(BCKD). The products of BCKA decarboxylation are acyl CoA derivates (isovaleryl-CoA from 

KIC, 2-methylbutyryl-CoA from KMV, and isobutyryl-CoA from KIV) (Fig 2.2). Then the acyl-

CoAs are catabolized in separate pathways. 
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 Isovaleryl-CoA produced from leucine is catabolized to acetyl-CoA and acetoacetate in 

multiple steps. Acetoacetate can be further broken down into two molecules of acetyl CoA, 

which can enter the TCA cycle. 2-methylbutyryl-CoA produced from isoleucine ultimately 

produces acetyl-CoA and succinyl-CoA. Isobytyryl-CoA produced from valine produces 

propionyl-CoA (224) (Fig 2.2). Valine and isoleucine are both glucogenic amino acids. Their 

metabolites, propionyl-CoA and succinyl-CoA can be converted into glucose by 

Figure 2.2: Schematic of the overview of BCAA Catabolism. BCAAs (leucine, isoleucine, 
and valine) undergo reversible transamination, catalyzed by BCAT producing BCKAs (KIC, 
KIV and KMV). BCKAs are irreversibly decarboxylated by BCKD to yield respective CoA 
compounds, which divide into their respective metabolic pathways. Taken from reference (382). 
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gluconeogenesis. On the other hand, acetyl-CoA produced from isoleucine and leucine can 

produce fatty acids, so leucine is known as a ketogenic amino acid, while isoleucine is both 

glucogenic and ketogenic (225,226).   

Numerous tissues are involved in BCAA metabolism. One study analyzed the relative 

contributors of isoleucine disposal into protein synthesis. Liver (27%) is the largest contributor 

following with skeletal muscle (24%), pancreas (24%), the kidneys (9%), brown adipose tissue 

(6%) and other tissues (10%) (227). In terms of whole-body BCAA oxidation, skeletal muscle 

(59%) plays the biggest role, and then the brown adipose tissue (19%), liver (8%), kidneys (5%), 

heart (4%) and other tissues (5%) play smaller roles. The majority of BCAA catabolism takes 

place in skeletal muscle mostly due to the fact that 65% of BCAA transamination occurs in the 

skeletal muscle (228).  

 

2.4.1.1 Branched-chain amino acid transaminase (BCAT) 

As stated above, BCAT is responsible for the transamination of BCAAs into their 

respective BCKAs, and α-KG receives the amino group producing glutamate. However, this 

reaction is reversible, as in the opposite direction, BCKAs react with the amino group of 

glutamate to produce their respective BCAA and α-KG. Pyridoxal 5′-phosphate (PLP), a 

coenzyme of vitamin B6 acts as the amino group carrier. It binds to the amino group of the 

BCAA producing the respective BCKA and the pyridoxamine 5′-phosphate (PMP)-bound forms 

of the enzyme. PMP then transfers the amino group to a-KG to produce glutamate, which then 

restores BCAT-PLP conformation (223) (Fig 2.3). There are two isoenzymes of BCAT, the 

BCAT1 gene encodes the cytosolic BCAT (BCAT1), and the BCAT2 gene encodes the 

mitochondrial BCAT (BCAT2) (229). BCAT2 is found in many tissues including skeletal 
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muscle, kidney, cortex, heart, subcutaneous adipose tissue, stomach, colon, ileum, and liver, 

while BCAT1 is only present in the brain, ovary and placenta (229). BCAT prefers isoleucine, 

then leucine and then valine (230–232). As explained above, BCAA catabolism and 

transamination especially, largely occurs in skeletal muscle and this is due to the fact that 

BCAT2 is mostly abundant in the skeletal muscle, and least in the liver (228).  

 

The importance of BCAT2 is evident as BCAT2 knockout mice are smaller (214), and 

have reduced endurance in response to exercise (233). Gene expression of protein degradation, 

apoptosis, and necrosis are also increased in BCAT2 knock out animals (234). Knockdown of 

BCAT2 in L6 cells impaired myotube differentiation (235). BCAT2 is also implicated in 

diabetes, as its mRNA expression is reduced in diabetic patients (23), highlighting its 

importance.  

 

       

PLP
(C8H10NO6P)
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(C8H11NO5P-NH3)
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+
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Figure 4

Figure 2.3. Schematic of the BCAA Transamination Reaction. BCAT catalyzes the reversible 
transamination of BCAAs into their respective BCKAs. Leucine is transaminated to α-
ketoisocaproic acid (KIC), isoleucine to α-ketomethylvaleric acid (KMV), and valine to α-
ketoisovaleric acid (KIV). BCAT-pyridoxal phosphate (PLP) transfers the α-amino group from the 
BCAA yielding BCAT-pyridoxamine phosphate (PMP) and the respective BCKA. BCAT-PMP 
transfers the α-amino group to α-ketoglutarate producing glutamate and restoring BCAT-PLP. 
Leucine transamination is shown as representative of transamination reactions of the other BCAAs. 
Taken from reference (376). 
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2.4.1.2 Branched-chain α-ketoacid dehydrogenase (BCKD) 
 

BCKD is a complex that has three proteins, heterodimeric branched-chain α-keto acid 

decarboxylase (E1), dihyrolipoyl transacylase (E2) and homodimeric dihydrolipoyl 

dehydrogenase (E3) (Fig 2.4). BCKD is responsible for the irreversible oxidative 

decarboxylation of BCKAs yielding respective branched-chain acyl-CoA derivates (isovaleryl-

CoA from KIC, 2-methylbutyryl-CoA from KMV, and isobutyryl-CoA from KIV), producing 

CO2 and NADH as well.   

The E1 protein is a tetramer consisting of two α and two β subunits (α2β2). The 

BCKDHA gene encodes the α subunits of E1 and the BCKDHB gene encodes the β subunits. 

Thiamine pyrophosphate (TPP) is an important cofactor in the BCKD reaction (236). The E2 

protein, at the centre of the complex, attaches to E1 and E3. The dihydrolipoamide branched-

chain transacyclase gene (DBT) gene encodes for E2. E2 has three domains: the core domain, 

the binding domain and the lipoyl domain. The core domain is the active site of the enzyme. The 

binding domains attach to E1 and E3 (237) through ionic interactions (238). The lipoyl domain is 

responsible for channelling the substrate within the complex (239). Dihydrolipoamide 

dehydrogenase (DLD) gene encodes for E3. It is a homodimeric flavoprotein that contains a 

bound flavin adenine dinucleotide molecule (240) (Fig 2.4).     

The oxidative decarboxylation by BCKD is a multistep process. E1 decarboxylates the 

BCKAs, producing the respective branched-chain acyl intermediate and CO2. The lipoyl domain 

of the E2 subunit transfers the respective BCKA to the core of the E2 subunit, attaching to 

coenzyme A, producing branched-chain acyl-CoA ester. Lipoate is reduced to dihydrolipoic acid 

in the process. E3 reoxidizes the dihydrolipoic acid using NAD+ to produce NADH and lipoate 

again (224) (Fig 2.4).  
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Unlike BCAT2, BCKD activity is highest in the liver (241). The heart and kidney have 

intermediate activity. Skeletal muscle, adipose tissue, and brain exhibit the lowest BCKD 

activity (241). Despite low activity of BCKD in skeletal muscle, knockdown of BCKD in L6 

myotubes has shown to reduce insulin sensitivity (17), and impair myotube differentiation (242).   

BCKAs also have other pathways responsible for their metabolism. Cytosolic 

dioxygenase can convert a small percentage of KIC to beta-hydroxy-beta-methylbutyrate (HMB) 

(243) (Fig 2.2). This enzyme is largely present in the liver, with a small abundance in the skeletal 

muscle (244). HMB has been used as an ergogenic aid to promote exercise performance and 

skeletal muscle hypertrophy (245). In that sense it is similar to BCAAs, as it has shown to 

increase mTORC1 signaling (246,247), muscle protein synthesis (248), and suppress proteolysis 

(246). BCKAs can also be reduced at the α-carbon, producing branched chain α-hydroxy 

ketoacids in metabolic disorders like maple syrup urine disease, propionic acidaemia and 

ketoacidosis (249,250). 

The action of BCKD is irreversible, thus BCKD activity is tightly regulated by two proteins 

(Fig 2.5). Branched-chain ketoacid dehydrogenase kinase (BDK) is a negative regulator of BCKD. 

BDK inactivates BCKD by phosphorylating it at Ser293 and Ser303 of the E1 subunit (148, 149). 

Protein phosphatase 2Cm (pp2Cm) dephosphorylates BCKD, activating it (255,256).  
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2.4.1.3 Branched-chain α-ketoacid dehydrogenase kinase (BDK) 

BDK contains a nucleotide-binding domain and a four-helix bundle domain (253,257). 

BDK mRNA expression is highest in skeletal muscle, explaining why BCKD activity is low in 

skeletal muscle and why BCKAs produced in the skeletal muscle go to the liver to be oxidized 

(228). However, BDK depletion in L6 myotubes rescued the defects in myotube formation from 

BCAT2 depletion (235), highlighting its importance in skeletal muscle as well. In the brain and 

kidney it has intermediate activity, and then it is the lowest in the liver and small intestine (228). 

BDK exists in the mitochondrial matrix of a cell in two forms: a free form and bound form 

(29,254,258). BDK binds to BCKD when it is catalytically active and promotes the 

NAD+ NADH + H+

CO2
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KIC

Isovaleryl-CoA

LipoateDihydrolipoate

E2
E3
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Figure 5

Figure 2.4: Schematic of the BCKD Reaction. Firstly, BCKD binds TPP on the E1 
subunit initiating oxidative decarboxylation of the BCKA (shown here for ketoisocaproic 
acid). The acyl group that is formed (both red boxes) is transferred to E2, attaching to 
coenzyme A (CoA) forming its respective CoA derivative (isovaleryl-CoA in this 
instance). Lipoate is oxidized in the process, producing dihydrolipoate. Then, E3 reduces 
dihydrolipoate producing lipoate and NADH + H+. Taken from reference (376). 
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phosphorylation and inactivation of BCKD. BCKAs induce conformational change of BDK, 

removing the attachment of it to the BCKD complex, and thus activating the BCKD complex 

(259).  

Mice with muscle-specific deletion of BDK have reduced skeletal muscle BCAA 

concentrations, and increased BCKD activity in the heart and kidney. This is consistent with 

decreased phosphorylation of S6K1 and 4E-BP1 when fed a low protein diet (260), but in BCAA 

supplementation, the BDK depleted mice exhibited greater S6K1 phosphorylation compared to 

wild-types. They also exhibit reduced myofibrillar protein content in a low protein diet, but this 

was rescued when BCAAs were supplemented (260). Thus, greater BCKD activity by BDK 

depletion leads to greater mTORC1 sensitivity in response to amino acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Schematic of BCKD Regulation. BCKD is regulated by a kinase, BDK, and a 
phosphatase, pp2Cm that interact with the E1 subunit. BDK phosphorylates BCKD at Ser293 
and Ser303 inhibiting BCKD, while pp2Cm dephosphorylates BCKD, reactivating the complex. 
Taken from reference (376). 
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2.4.1.4 Protein phosphatase 2Cm (pp2Cm) 

As stated above, pp2Cm dephosphorylates BCKD, leading to its activation (255,256). It 

is encoded by the PPM1K gene (261,262). It is highly expressed in the liver, brain, heart, kidney 

and diaphragm (263). There is low expression of pp2Cm in skeletal muscle (263), which also 

partly explains the low activity of BCKD in skeletal muscle. The enzyme physically interacts 

with BCKD to dephosphorylate it at the Ser293 residue. Mutation of the Ser293 residue of 

BCKD, but not the Ser303 residue affects this interaction (262). The interaction of BCKD and 

pp2Cm is disrupted by BDK, suggesting that both enzymes compete to interact with the BCKD 

complex (263). Pp2Cm knockout mice demonstrate a 3–4-fold increase in circulating BCAAs 

and a 5–10-fold increase in liver BCKAs (264), which led to reduced glucose oxidation and 

made the heart more vulnerable to ischemia-reperfusion injury, but this was rescued by 

increasing BCAA catabolism or by the overexpression of GLUT1. Increased BCAA and BCKA 

levels have been linked to numerous diseases including insulin resistance, obesity, T2DM 

(12,265), highlighting the importance of pp2Cm activity towards BCKD.  

 

2.4.2 Physiological Regulation of BCAA Metabolism 

2.4.2.1 Effect of Sex on BCAA Metabolism 

Very few studies have assessed sex differences in BCAA catabolism. Sex hormone 

estrogen inhibits the BCKD complex by activating BDK, decreasing BCAA catabolism (42,43). 

Males exhibit higher plasma BCAA concentrations compared to females (266), but have greater 

leucine oxidation compared to women following endurance exercise (44). However, very little 

work has been done examining the effect of sex on BCAA levels and BCAA catabolic enzyme 

activity and abundance in relevant tissues.  
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2.4.2.2 Effect of Aging on BCAA Metabolism 

Aged men show significantly lower circulating BCAA levels compared to young men 

(38,39). However, one study showed no age related loss in serum BCAA levels or total amino 

acid levels, and greater serum BCAA levels in males compared to females in young and aged 

individuals (267). One study did show increased serum BCAAs in an old male population 

compared to old females, which could be explained due to reduced energy and protein intake in 

the female population (268). There are no studies examining the change in BCAA concentrations 

or BCAA catabolic enzymes in any of the major tissues responsible for BCAA metabolism 

(skeletal muscle, liver, adipose tissue or heart) with age, but one could speculate that because 

insulin resistance is more prevalent with age (41), the activity and abundance of these enzymes 

may be lower like in insulin resistant states. However, one study found that insulin treatment to 

type 1 diabetic patients reduced leucine oxidation (269), but improved KIC oxidation. This 

suggests that in an insulin resistant aged population, there is an increased breakdown of leucine, 

but an accumulation of KIC. Another study showed endogenous insulin treatment reduced 

BCAA levels (270), suggesting increased BCAA oxidation in response to insulin, which would 

ultimately lead to decreased BCAA catabolism in aging as insulin resistance increases. Also 

many parameters of mitochondrial health is reduced with aging (271), which could impact 

BCAA catabolic enzymes as they are mitochondrial proteins.    

 

2.4.2.3 Effect of Exercise on BCAA Metabolism 

Numerous studies have examined the effect of exercise on BCKD activity (272–274). 

Endurance exercise upregulates BCAA catabolism and BCKD activation in skeletal muscle of  

humans (273) and rats (272,274). Also, endurance training reduces the amount of BDK bound to 
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the BCKD complex in rat skeletal muscle and liver (43,272,275,276). Roberson et al. 

demonstrate an increase in BCAT2 mRNA expression in endurance trained individuals compared 

to resistant trained individuals (277). This is consistent with the fact endurance exercise typically 

promote mitochondrial adaptations, while resistance exercise promote myofibrillar adaptations 

(277), as BCAT2 is a mitochondrial protein. There is also an increase in the KIC to leucine ratio 

post exercise implying an increase in BCAT2 activity (278,279). Increases in KIC after exercise 

could contribute to increased BCKD activity as KIC inhibits BDK (280). Enhanced BCAT2 

activity in the muscle could also be to produce glutamate for ammonia detoxification, as plasma 

ammonia levels are increased post exercise (281).  

 

2.5 The link between BCAAs and Insulin Resistance 

There is an increase in plasma BCAA levels in insulin resistant states like obesity and 

T2DM (11,108,217,218). In clinical studies, BCAA levels in the blood positively correlate with 

insulin resistance (218–220). BCAA levels are also predictive of future insulin resistance or 

T2DM (218,221,222).  Older men exhibit significantly lower circulating BCAA levels (38,39). 

This is interesting, as insulin resistance is more prevalent in older individuals (41), so you would 

expect higher BCAA levels in old age, as BCAA levels have been found to be correlated with the 

degree of insulin resistance (218). Thus, questions persist if elevated levels of BCAAs cause 

insulin resistance or are a symptom of insulin resistance. Therefore, I will review the effect of 

BCAAs and their metabolites on insulin sensitivity. I will also discuss how insulin resistant 

states like obesity and T2DM may regulate BCAA catabolic enzyme activity/abundance, which 

may explain the increase in BCAA levels in insulin resistance. Finally, I will review studies that 



 43 

have targeted BCAA catabolism and how manipulating the regulation of this pathway may affect 

insulin sensitivity. 

 

2.5.1 Effect of BCAAs and their Metabolites on Insulin Sensitivity 

 High levels of BCAAs lead to an increase in the activation of mTORC1. This results in 

the increased activation of S6K1 as well. Increased mTORC1/S6K1 activation leads to the 

phosphorylation of inhibitory serine residues, Ser636, Ser312, Ser616 of IRS-1 in humans, and 

Ser632, Ser307 and Ser612 of IRS-1 in mice (109–111), ultimately leading to reduced insulin 

sensitivity. Numerous studies show the link between BCAAs and reduced insulin sensitivity 

through the activation of this mTORC1/S6K1-IRS-1 feedback loop (21,107,112–114) (Fig 2.6).  

In vitro, physiological levels (150 µM) and supraphysiological levels (350 µM and 

600 µM) of leucine treatment in starved L6 myotubes suppressed insulin-stimulated glucose 

uptake, which was consistent with an increase in S6K1 phosphorylation (16). However, higher 

concentrations of leucine (800 µM and 1600 µM) did not. Another study showed that 

supraphysiological concentrations of leucine (400 µM and 800 µM) increased basal and insulin-

stimulated glucose uptake with no change in S6K1 phosphorylation in starved L6 myotubes 

(282).  

In vivo, some studies have showed leucine to stimulate glucose uptake and improve 

insulin sensitivity in rat skeletal muscle (22,283), however these studies used supraphysiological 

levels of leucine (2 mM), while leucine concentrations in the plasma are often around 0.12-0.15 

mM (214,284). In another study, deletion of BCAT2 improved insulin sensitivity, implying 

increased levels of BCAAs may not impair insulin sensitivity in mice (214). BCAAs-fed mice in 

their drinking water showed activated mTORC1 without affecting insulin sensitivity (285). This 
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could be due to the fact they were given BCAAs for 3 months, while studies that find reductions 

in insulin sensitivity are acute interventions (18,286). Weickert et al. showed that a high protein 

diet for 6 weeks activated S6K1, and this was consistent with a reduction in whole-body insulin 

sensitivity in humans. However, when the high protein diet persisted for 18 weeks, despite an 

even greater activation of S6K1, whole-body insulin sensitivity returned to control levels (182). 

This suggests the length of treatment may affect the variability in the results seen in literature.   

The physiological context of these animals may influence the outcome of BCAA 

treatment. One study showed increased insulin sensitivity in rats on a HFD in response to chronic 

(17-24 weeks) leucine supplementation, while this had no effect on animals fed normal chow 

(20,287). However, an acute gavage of leucine to obese rats showed increased blood glucose 

levels compared to rats gavaged water (18). Leucine (12 weeks) and BCAA treatment (34 

weeks) improved insulin sensitivity in db/db mice (288,289). However, Newgard et al. show 

worsening insulin sensitivity in rats fed a HFD supplemented with leucine for 12-16 weeks 

(108). This is interesting as BCAA restriction in Zucker-fatty rats improved skeletal muscle 

insulin sensitivity, along with enhanced fatty acid oxidation (290). Despite increased insulin 

sensitivity, restriction of BCAAs also leads to suppressed immune function (291). Additionally, 

dietary restriction of BCAAs improves insulin sensitivity in rodent models (290,292–294). On 

the other hand, another study showed improved insulin sensitivity in rats fed a HFD given 

leucine for 24 weeks and 32 weeks (295). They do mention that leucine has different effects at 

different timepoints of insulin resistance. At 32 weeks, leucine enhanced mitochondrial function 

and lipid oxidation, while at 24 weeks, leucine supplementation led to incomplete oxidation of 

lipid species and mitochondrial dysfunction in rats, reinforcing that time of treatment may play a 
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role in the effects of leucine. Further investigation is required to understand the complex 

relationship between BCAAs, mTORC1 and insulin sensitivity.  

In humans, leucine-mediated activation of mTORC1 did not alter leg glucose uptake 

(296) and BCAA supplementation did not alter arterial blood glucose during and after exercise 

(297). In another study, 1 or 5 g of BCAA did not influence blood glucose levels in young men 

(298). From the studies above it is evident that BCAA supplementation in rats, mice and humans 

are similar, but in muscle cells the suppressive effect is the greatest. This could be due to the fact 

other tissues aside from muscle in rodents and humans help in catabolizing BCAAs. 

Figure 2.6. BCAAs Activate the mTORC1/S6K1/IRS-1 feedback loop. BCAAs/BCKAs in 
insulin stimulated conditions, activate mTORC1 and S6K1, which can phosphorylate the serine 
residue of IRS-1, thereby inhibiting the tyrosine phosphorylation of IRS-1 and ultimately its 
activity. This hinders downstream insulin signaling and ultimately leads to reduced glucose 
uptake.  
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Individual BCAAs can have different effects on insulin sensitivity. Despite the activation 

of the mTORC1/S6K1-IRS-1 signaling axis, one study showed that although ingesting a leucine  

drink activated mTORC1, there was no change in Akt activation or leg glucose uptake. On the 

other hand, whey-protein increased mTORC1 activation and reduced leg glucose uptake with no 

change in Akt activation, suggesting an alternative pathway in reducing insulin sensitivity than 

the inhibition of Akt by leucine-mediated mTORC1 signaling (296). In contrast, as discussed 

above, studies show that chronic leucine supplementation had no effect on insulin sensitivity in 

mice fed a standard chow diet (20) and protected against HFD induced insulin resistance by 

increasing fatty acid oxidation (20,21,299,300). One study compared this effect of leucine 

protecting against HFD-induced insulin resistance with valine and saw that valine 

supplementation worsened it (301). This correlated with increased valine induced BCKD 

inhibition (301). This is interesting as dysregulations of BCAA catabolic enzymes are implicated 

in insulin resistant states (13,23,24,302). 

Isoleucine restriction improved insulin sensitivity in normal chow fed mice (303), but 

reintroducing isoleucine attenuated this effect. The benefits of isoleucine restriction is 

independent of mTORC1 activation in the liver (303), suggesting mechanisms other than the 

S6K1-IRS-1 signaling axis may be at play. Isoleucine and valine restriction, but not leucine 

restriction, improved the metabolic health of obese mice (303), as isoleucine supplementation in 

mice fed a HFD show increased insulin resistance, along with increased intramuscular lipid 

droplet accumulation and mitochondrial dysfunction (304).  

The effects of BCAAs may also be muscle fiber type dependent. BCAAs had a greater 

effect on attenuating angiotensin induced muscle atrophy in the extensor digitorum longus (fast 

twitch, type II fibers) compared to the soleus (slow twitch, type I fibers) (19). BCAAs also had a 
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greater rescuing effect on angiotensin induced reduction in cross sectional area in type IIb fibers 

compared to type I fibers. Furthermore, BCAAs significantly increased mTOR (Ser2448) 

phosphorylation in extensor digitorum longus with and without angiotensin, but not in the soleus 

(19). Also after exercise, BCAA concentrations were reduced significantly in type II fibers, but 

not type I fibers suggesting perhaps increased BCAA catabolism in response to exercise in type 

II fibers (305). The differences in the effects of BCAA across different muscle fiber types may 

contribute to the variability seen in the literature with changes in mTORC1 signalling and insulin 

sensitivity.  

Circulating levels of BCKAs are elevated in insulin resistant states as well (12,218,220). 

In particular, high concentrations of KIC has been associated with insulin resistance in humans 

(265) and animals (12). KIC supplementation has shown to activate mTORC1 (107) and reduce 

insulin-stimulated glucose uptake in L6 myotubes (17,107). However, this effect was attenuated 

when BCAT2 was depleted. KIC also could not activate mTORC1 in the presence of an amino 

transaminase inhibitor in pancreatic b-cells (306). These studies suggest KIC is converted back 

to leucine to activate mTORC1 and suppress glucose uptake. Another study shows that 

supraphysiological levels of KIC (5 mM) can activate protein phosphatase 2A (PP2A), a 

negative regulator of Akt. PP2A dephosphorylates Akt, and KIC prevents insulin-mediated 

inhibition of PP2A. In fact, an inhibitor of PP2A attenuated the reduction of Akt activation by 

KIC, confirming that supraphysiological KIC levels reduce Akt phosphorylation by activating 

PP2A (307).  

Studies suggest 3-hydroxyisobutyrate (3-HIB), a metabolite of valine may also play a 

role in eliciting insulin resistance. Diabetic subjects have increased serum 3-HIB levels 

(12,308,309). Diabetic mice show a decrease in the enzyme that catabolizes it (310). 
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Supplementation of 3-HIB increases trans-endothelial fatty acid transport by increasing 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), while 

knockdown of upstream enzymes blocking its formation attenuates trans-endothelial fatty acid 

uptake. Knockdown of downstream enzymes preventing 3-HIB catabolism resulted in increased 

triglyceride levels in mice (309). Increased fatty acid uptake leads to increased DAG levels, thus 

activating PKC-q, and ultimately leading to reduced Akt phosphorylation (309). Mice treated for 

two weeks with 3-HIB become insulin resistant, correlating with an increased lipid signature in 

skeletal muscle, and reduced Akt phosphorylation (308). These data emphasize the potential role 

of 3-HIB in eliciting insulin resistance.  

Whether BCAA ingestion/supplementation induces insulin resistance is still complicated 

and there is controversy in the literature. Interestingly, body builders and athletes that consume 

BCAA supplements are not insulin resistant (311,312). A combination of resistance exercise and 

consumption of protein/amino acids results in a synergistic effect on muscle protein synthesis 

(313). The effect of amino acids on muscle protein synthesis are not due to changes in hormones 

like insulin but the effect of those amino acids themselves (313,314). Leucine activates muscle 

protein synthesis but needs the presence of the other essential amino acids (315). Muscle protein 

synthesis plateaus at about 20 g of protein with no difference compared to 40 g of protein. 

Additional protein did not result in increased protein synthesis, but only increased amino acid 

oxidation (316), suggesting that higher consumption of BCAAs by body builders does not cause 

insulin resistance.  

There have been no reports of BCAAs induced insulin resistance in athletes as reviewed 

by Shou et al (312). As stated above, exercise improves BCAA oxidation (272–274), which may 

offset increased levels of BCAAs and dysregulations in their metabolism in insulin resistant 
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states. This is emphasized by the increased production of valine metabolite beta-aminoiso-

butyric acid (BAIBA) in response to exercise. BAIBA levels are inversely correlated with insulin 

resistance, promoting hepatic fatty acid oxidation and browning of white adipose tissue (317). 

This suggests that other factors like physiological context and underlying comorbidities affect 

BCAA consumption on insulin sensitivity. 

 

2.5.2 Effect of Type 2 Diabetes/Insulin Resistance on BCAA Metabolism 

Altered levels of BCAA/BCKAs in insulin resistant states are likely increased due to 

dysregulated levels of the enzymes responsible for their metabolism. In insulin resistant states, 

expression of genes encoding for the BCAA catabolic enzymes are downregulated in muscle 

(318), liver (319) and adipose tissue (13). One study found that a genetic predisposition to 

impaired BCAA metabolism is implicated in patients with T2DM (320). Knock-in mice 

expressing the T2D-human ankyrin-B rare variant exhibited reduced expression of BCAA 

catabolic enzymes in white adipose tissue, with minimal changes in liver, skeletal muscle and 

brown adipose tissue (321). Insulin resistant mice show blunted BCAA oxidation in adipose 

tissue and liver, shifting the BCAA oxidation to skeletal muscle. This also leads to increased 

lipid uptake and muscle lipotoxicity, further contributing to insulin resistance in skeletal muscle 

(227). 

Skeletal muscle BCAT2 mRNA level is reduced in T2DM patients compared to body 

mass index-matched controls (23). In skeletal muscle of db/db mice, BCAT2 protein level is 

increased, while BCAT2 mRNA expression in db/db mice were unchanged (23). However, db/db 

mice exhibit significantly increased plasma levels of valine, suggesting reduced BCAT2 activity 

(227). In skeletal muscle of ob/ob mice, there is no change in BCAT2 mRNA or protein levels 
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compared to control (23). In skeletal muscle of obese Zucker rats there is no change in BCAT2 

protein level compared to lean counterparts (284). Fructose induced insulin resistant rats showed 

reductions in muscle BCAT2 activity, even though activities of the enzyme in liver and adipose 

tissue were not affected (322). 

In skeletal muscle of db/db mice, BCKDa or BCKDb mRNA levels were unchanged, but 

there was a decrease in the BCKDa protein expression and an increase in BCAT2 protein levels 

(23). Liver BCKD activity, and adipose tissue BCKDa and BCAT2 protein levels were also 

reduced in db/db mice (23). Concomitantly, in ob/ob and type 2 diabetic mice, BDK protein 

expression was increased in skeletal muscle, liver, and adipose tissue (24). There is a decrease in 

liver and adipose tissue pp2Cm protein expression, but not in skeletal muscle (24). 

Phosphorylation of BCKD (Ser293) was increased, and BCKD activity was reduced in ob/ob and 

type 2 diabetic mice (24). Additionally, BCAA levels were elevated in the hearts of diabetic 

mice due to reduced pp2Cm expression and BCKD activity in the heart (323). These effects 

seem exclusive to diabetic rodents, as obese mice do not exhibit changes in mRNA or protein 

expression of BCAT2 or BCKD in skeletal muscle (23). However, in another study, ob/ob mice 

exhibited significant decreases in BCAT2, BDK, pp2Cm, and BCKD mRNA expression in 

adipose tissue (294). This is not seen in skeletal muscle, but similar effects are seen in liver, 

except BDK mRNA expression is increased (294). This suggests that obesity affects BCAA 

catabolism in adipose tissue and liver but not in skeletal muscle.  

It is evident from the review of the literature that in obesity and type 2 diabetes, BCAA 

metabolic enzymes are dysregulated, which lead to altered blood/tissue BCAA levels. However, 

there are other mechanisms in which insulin resistance manifests. One study showed that 

inflammation and ER stress reduced BCAA metabolic enzyme abundance in adipose tissue, 
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which lead to an increase in serum BCAA levels (324). Fructose feeding causes insulin 

resistance by promoting inflammation in the liver and hepatic de novo lipogenesis (325). 

Fructose feeding has shown to increase BDK protein activity, leading to enhanced lipogenesis 

and contributing to insulin resistance (326). Ultimately, in various mechanisms of insulin 

resistance, enzymes involved in the metabolism of BCAAs are dysregulated, which explains the 

upregulation of BCAA/BCKAs in plasma and tissues in insulin resistant states. As explained 

below, studies aiming at increasing BCAA catabolic flux have shown improvements in insulin 

sensitivity, while decreasing BCAA catabolic flux has shown to worsen insulin sensitivity.  

 

2.5.3 Effect of Altered Regulation of BCAA Metabolism on Insulin Sensitivity 

Impairments in BCAA catabolism also can contribute to insulin resistance. BCKD 

depleted L6 myotubes showed a reduction in insulin-stimulated glucose uptake in starved 

conditions (17). This is interesting as discussed above, BCAT2 knockout mice exhibit better 

insulin sensitivity despite reduced catabolism of BCAAs (214). Mice heterozygous for the 

downstream BCAA catabolic enzyme methylmalonyl-CoA mutase are insulin resistant and have 

reduced fatty acid oxidation (327). Reduced BCAA oxidation leads to reduced availability of 

BCAA-derived anaplerotic TCA intermediates (propionyl-CoA), ultimately leading to reduced 

fatty oxidation and the accumulation of acylcarnitines that can activate proinflammatory 

pathways (328), contributing to insulin resistance. The link between BCAA catabolism and fatty 

acid oxidation is emphasized, as a study shows that KIC treatment enhances fatty acid oxidation 

(327). It also shows how defects in BCAA catabolism affect lipid metabolism (327). Also, 

adiponectin, an adipokine, activates BCKD activity, with AMP-activated protein kinase (AMPK) 

and pp2Cm both being necessary for adiponectin induced activation of BCKD (24). However, 
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another study shows AICAR, an activator of AMPK, increased the inhibitory phosphorylation of 

BCKD, while compound C, an inhibitor of AMPK, reduced BCKD phosphorylation in primary 

mouse hepatocytes (329). Additionally, long-chain fatty acids are raised in insulin resistant states 

(330), and they can impair BCKD activity, increasing BCKA levels (331,332). 

Zucker fatty rats treated with a BDK inhibitor showed improved insulin sensitivity (326). 

Conversely, hepatic overexpression of BDK phosphorylates ATP-citrate lyase, enhancing its 

activity and resulting in increased de novo lipogenesis acids (326). Also in a high fructose diet, the 

transcription factor Carbohydrate-Response Element Binding Protein (ChREBP) inhibits pp2Cm, 

resulting in activation of ATP-citrate lyase, and shuttling pyruvate from glucose metabolism to 

produce fatty acids (326), emphasizing the link between fatty acid oxidation and BCAA 

catabolism. It is important to note that this ChREBP transcription factor only affects BCAA 

metabolism in rats and humans, and not in mice (326). Blair et al. also speculate that differences 

in studies in response to upregulating BCAA oxidation may be dependent on species as rats may 

have greater liver handling of BCAAs compared to mice (333). Despite the benefits of increased 

BCAA catabolism on insulin sensitivity, PP1MK knockdown mice exhibit an increase in BCKAs 

that inhibit gluconeogenesis in the liver, which could be a compensatory mechanism, as insulin 

sensitivity was surprisingly improved in these PP1MK knockdown mice fed a HFD (334).  

Furthermore, inhibition of BDK or the overexpression pp2Cm, lowers circulating 

BCAAs, resulting in reduced hepatic steatosis and improved glucose tolerance in the absence of 

weight loss in Zucker fatty rats. Inhibiting BDK, with BDK inhibitor BT2 attenuates the decrease 

in insulin sensitivity associated with elevated BCAA/BCKAs, suggesting that targeting BCAA 

catabolism may help against obesity-induced insulin resistance (294). Vanweert et al. show that 

treatment with sodium phenylbutyrate, an activator of BCKD activity, improved whole-body 
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insulin sensitivity in patients with T2DM (335), which could be through enhanced mitochondrial 

function (336). In one study where BT2 improved glucose tolerance, it also reduced 

inflammation and steatosis, but liver specific knockdown of BDK did not have the same effects. 

This emphasizes the importance of the regulation of BCAA catabolism in other tissues like 

skeletal muscle on insulin sensitivity (337).  

A recent paper by Blair et al. demonstrated that muscle specific knockdown of BDK in 

skeletal muscle and liver lowers plasma BCAAs but had no effect on whole-body insulin 

sensitivity. However, BT2 treatment at the whole-body level did improve insulin sensitivity 

(333), suggesting the role of other tissues or that BT2 has effects on other pathways. A recent 

study has found that BT2 lowers mitochondrial ROS (338), which could contribute to improved 

insulin sensitivity.  

Interestingly, there is an increase in BCAT2 mRNA expression in response to 12-hour 

supraphysiological treatment of metformin, a prescribed drug for T2DM, but a significant 

reduction in BCAT2 and BCKDHa mRNA expression 24 hours post drug treatment in C2C12 

myotubes. Protein levels of BCAT2 were also decreased 24 hours post treatment (339). 

Additionally, metformin treatment in mice limits its own therapeutic potential by reducing 

BCAA catabolism. Metformin improved insulin sensitivity as expected, but this led to decreased 

BCAA catabolism (329). The effect of metformin on BCAA catabolism was mediated by a 

decrease in BCKD activity through the increase in AMPK activation. When metformin was 

combined with BT2, this potentiated the effect of metformin on insulin sensitivity (329), 

emphasizing the importance of targeting this pathway in T2DM, but also examining how AMPK 

may be related in the link between BCAAs and insulin resistance. 
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Endurance exercise increases BCKD level/BCAA catabolism (273,340,341), and this 

may contribute to the increased insulin sensitivity seen in trained individuals (342–344), further 

emphasizing the importance of BCAA catabolic flux. However, like stated earlier BCAT2 

depletion in mice improved insulin sensitivity (214) and increased muscle glycogen (233), which 

poses the question if the dysregulation of BCAA catabolic enzymes and BCAA levels elicit 

insulin resistance.    

 

2.6 Concluding Remarks 

In summary, questions persist whether dysregulations in BCAA levels and their 

metabolism are a product of insulin resistance or cause insulin resistance. Numerous studies have 

shown an increase in mTORC1 signaling concurrently with reduced insulin sensitivity in 

response to BCAA treatment. However, in obese and diabetic mice leucine seems to improve 

insulin sensitivity, complicating the link. Additionally, mice depleted of BCAT2 that have 

increased BCAA levels show improved insulin sensitivity. Key factors contributing to the 

variability in the outcomes of BCAAs on insulin sensitivity are the concentration of BCAAs 

used, and the duration of treatment. This suggests that perhaps increased BCAA levels may be a 

result of insulin resistance affecting BCAA catabolic enzyme abundance/activity. Numerous 

studies have shown reduced activity and abundance of these enzymes in insulin resistant states. 

Additionally, studies have also shown that targeting this pathway may contribute to altered 

insulin sensitivity, as upregulating the catabolism of BCAAs has shown to improve insulin 

sensitivity. 

Also, it is important to consider other mechanisms/tissues that may be involved, as even 

though mTORC1 signaling is at the forefront of BCAA induced insulin resistance, recent studies 



 55 

have implicated the AMPK pathway as well. Further studies are warranted to fill in gaps in the 

link between BCAAs, their metabolism and insulin resistance.  
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Chapter 3 Rationale, Objective, and Hypothesis 

3.1 Overview of Thesis 

Insulin resistance is an underlying cause for diseases like T2DM and cardiovascular 

diseases. BCAAs, BCKAs and their metabolism are implicated in insulin resistance. A better 

understanding of the link between BCAAs, BCKAs and their metabolism with insulin resistance 

is required due to conflicting reports on BCAA/BCKA supplementation on the induction of 

insulin resistance. Although BCKAs are upregulated in insulin resistance, it is important to note 

if this is causative. Also, upregulated levels of plasma BCAA/BCKAs can be due to changes in 

catabolic enzyme abundance/activity in insulin resistant states like obesity and T2DM. Thus, 

manipulating the regulation of enzymes involved in BCAA catabolism can help determine their 

role in the pathogenesis of insulin resistance and their therapeutic potential against it. Although 

BCAA/BCKAs are elevated in insulin resistant states, they are reduced in plasma of old men, a 

demographic more susceptible to insulin resistance. This complicates the link between 

BCAA/BCKA levels and their metabolism and insulin resistance. Female animals have also 

shown differences in BCAA metabolism, emphasizing the importance of including this 

underrepresented group.  

 

3.2 Objectives and Hypothesis for study 1 (Chapter 4) 

Rationale: Increased circulating levels of BCAAs and BCKAs are seen in insulin-resistant states 

like T2DM (11–13). This raises the question if increased BCAA and BCKA levels cause insulin 

resistance or are a symptom of insulin resistance. BCAT2 and BCKDHb mRNA levels are 

significantly decreased in diabetic patients, which could explain the increase in BCAA levels 

(23). BCKD activity is also decreased in T2DM and obesity (24). BCAA transamination 
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predominantly takes place in the skeletal muscle, but complete oxidation of the BCKAs takes 

place in the liver (241), as BCKD is predominantly abundant and active in the liver (241). Thus, 

most studies aim to manipulate BCKD activity in the liver. However, BCKD activity is vital for 

muscle cell formations and functions (17,235,260). Previous work in our lab has shown that L6 

myotubes depleted of BCKD suppressed insulin-stimulated glucose uptake in the starved state 

(17).  

Objective: To examine the effect of inhibiting/depleting BDK on insulin-stimulated glucose 

uptake with and without BCAA/BCKA supplementation in L6 myotubes. 

 

Hypothesis: Depleting/inhibiting BDK will increase insulin-stimulated glucose uptake and 

attenuate the suppression of insulin-stimulated glucose uptake from BCAA/BCKA 

supplementation in L6 myotubes.  

 

3.3 Objectives and Hypothesis for study 2 (Chapter 5) 

Rationale: Increased circulating levels of BCAAs and BCKAs are seen in insulin-resistant states 

like T2DM (11–13). Our lab has previously shown that leucine (150 µM) and KIC (200 µM) 

significantly suppress insulin-stimulated glucose uptake in starved L6 myotubes (17,107). They 

significantly increased S6K1 (Thr389) phosphorylation, leading to increased IRS-1 (Ser612) 

phosphorylation, and thus reducing insulin-stimulated glucose uptake. BCAAs also only 

phosphorylate mTOR (Ser2448) in fast twitch muscle fibers like the extensor digitorum longus 

muscle, but not in slow twitch muscle fibers like the soleus (19). Despite the effect of leucine 

and KIC in muscle cells, other tissues aside from skeletal muscle contribute to whole-body 
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BCAA catabolism. Thus, we want to explore the effect of KIC in vivo and its effects on various 

tissues and muscle fiber types involved in BCAA metabolism.   

Objective: To measure the effect of KIC gavage on whole-body insulin sensitivity and insulin 

signaling in rats in various tissues and muscle fiber types. 

 

Hypothesis: KIC will suppress insulin sensitivity, along with an increase in phosphorylated 

S6K1 and IRS-1 (Ser612) in liver, heart, and skeletal muscle, with the greatest effect in fast 

twitch fibers like the extensor digitorum longus compared to slow twitch fibers like the soleus.  

 

3.4 Objectives and Hypothesis for study 3 (Chapter 6) 

Rationale: For many of the human conditions, including diabetes, cardiovascular disease, insulin 

resistance and cancer, age is the most important risk factor (34,35). BCAA metabolism is 

modified in many of these conditions (345). Aged men exhibit significantly lower circulating 

BCAA levels (38,39). This is interesting, as BCAA levels are upregulated in insulin resistance 

(12,13), but insulin resistance is more prevalent in older individuals (41), complicating the 

relationship between BCAA levels and insulin resistance. Protein levels of enzymes involved in 

BCAA catabolism are reduced in insulin resistant states (23,227). There are no studies 

examining the effect of aging on BCAA metabolism, specifically the activities/abundance of 

BCAT2, BCKD, BDK and pp2Cm in relevant tissues is an area that needs to be further explored. 

Sexual dimorphisms may also contribute to changes in BCAA metabolism in young and old 

mice, and thus female groups must be included. 

 

Objective: To examine the effect of aging and sex on BCAA metabolism in mice. 
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Hypothesis: BCKD activity will be reduced in old mice compared to young counterparts. Also, 

BCAT2, BCKD, pp2Cm protein levels will be reduced, while BDK protein levels will be 

increased in old mice compared to younger counterparts regardless of sex.  
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included in my dissertation. 
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4.1 Abstract  
 

Plasma levels of branched-chain amino acids (BCAAs) and their metabolites, branched-
chain ketoacids (BCKAs) are increased in insulin resistance, a condition that can lead to type 2 
diabetes mellitus (T2DM). We previously showed that leucine and ketoisocaproicacid (KIC) 
suppressed insulin-stimulated glucose uptake in L6 myotubes, especially in myotubes with 
depleted level of branched-chain ketoacid dehydrogenase (BCKD), the enzyme that 
decarboxylates BCKAs, suggesting that interventions that increase BCKD activity might 
improve insulin sensitivity. Thus, the objective of this study was to analyze the effect of 
upregulating BCAA catabolism on measures of insulin sensitivity. We hypothesized that 
upregulating BCAA catabolism increases insulin-stimulated glucose transport and attenuates 
BCKA induced insulin resistance.  

L6 myotubes were depleted of branched-chain ketoacid dehydrogenase kinase (BDK) or 
treated with or without a BDK inhibitor BT2. Then myotubes were supplemented with or 
without either KIC (200µM), leucine (150µM), BCKAs (200µM), or BCAAs (400µM) for 30 
minutes. After, cells were incubated with or without insulin (100 nM) for 20 minutes. They then 
underwent a glucose transport assay or BCKD activity assay, and harvested for immunoblotting 
and HPLC for the level of BCAA/BCKA. 

 BDK depletion rescued KIC induced suppression of insulin-stimulated glucose uptake. 
Consistent with this, BT2 treatment rescued BCKA- and KIC-induced suppression of insulin-
stimulated glucose uptake with the attenuation of KIC/BCKA-induced IRS-1 (Ser612) and 
S6K1(Thr389) phosphorylation but had no effect on Akt (Ser473) phosphorylation. BCAA and 
leucine supplementation showed a trend for reduced insulin-stimulated glucose uptake and 
increased S6K1 and IRS-1 phosphorylation, but BT2 did not influence this. Inducing S6 
(Ser235/6) and IRS-1 (Ser612) phosphorylation with an mTORC1 activator, abolished effect of 
BT2 treatment on glucose transport in cells treated with KIC. Conversely, inhibiting mTORC1 
with rapamycin significantly lowered glucose uptake. 

Our data suggests that the suppression of insulin-stimulated glucose transport by 
KIC/BCKA in muscle is mediated by mTORC1/S6K1 signaling. This was attenuated by 
upregulating BCAA catabolic flux, suggesting that interventions targeting BCAA catabolism 
may provide benefits against insulin resistance and its sequalae. 
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4.2 Introduction 

Branched-chain amino acids (BCAAs; leucine, valine, isoleucine) are essential amino 

acids required in a human’s diet. BCAAs stimulate muscle protein synthesis, and regulate body 

weight and glucose homeostasis (10). However, despite these benefits, increased circulating 

levels of BCAAs and BCAA metabolites, branched-chain a-ketoacids (BCKAs), are seen in 

insulin-resistant states like T2DM (11–13). Whether or not these BCAAs/BCKAs directly cause 

insulin resistance still requires further investigation. Previous studies have showed a causative 

role of BCAAs and metabolites (17,21,107,113,114). Numerous studies have also shown how 

insulin resistant states can regulate the BCAA catabolic pathway and the enzymes involved 

(23,24,326,327), and how potentially targeting this pathway can improve insulin sensitivity 

(24,326).  

BCAAs are catabolized by branched-chain aminotransferase 2 (BCAT2) predominantly 

in skeletal muscle, producing BCKAs. These BCKAs are then funnelled to the liver as the 

enzyme responsible for BCKA catabolism, branched-chain ketoacid dehydrogenase (BCKD) is 

predominantly abundant and active in the liver (241). Thus, most studies investigate BCKD and 

its activity in the liver. However, we have shown that depletion of the E1 alpha subunit of BCKD 

in L6 myotubes reduced insulin-stimulated glucose uptake, suggesting a connection between 

skeletal muscle BCAA catabolism and insulin signaling. Here, we investigated the effect of 

upregulating BCAA catabolism at the level of BCKD on insulin sensitivity and insulin signaling 

in L6 myotubes alongside BCAA/BCKA supplementation. We also analyzed if the effects of 

upregulating BCAA catabolism on insulin signaling is mediated by mTORC1 activity.  
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4.3 Methods  
 

 Reagents 

Alpha modification of Eagle's medium (AMEM, #310-010-CL), phosphate‐buffered saline (PBS, 

#311-010-CL), trypsin (#325-043-CL), and antibiotic–antimycotic (ab-am, #15240-062) 

preparations were purchased from Wisent (St Bruno, Quebec, Canada). Fetal bovine serum 

(FBS, #12483-020), horse serum (HS, #26050088), Lipofectamine RNAiMAX (#13778-150), 

Opti‐MEM 1X Reduced Serum Medium (#31985070) and antibody against BDK (#PA5-31455) 

were purchased from Thermo Fisher Canada (Burlington, Ontario Canada). Amino acid‐free 

RPMI 1640 medium (R8999-04A) was purchased from US Biologicals (Salem, Massachusetts, 

United States). L-leucine (#L8912), L-isoleucine (#I7403), L-valine (#V0513), sodium 4‐methyl‐

2‐oxovalerate (sodium salt of KIC, #K0629), 3-methyl-2-oxovaleric acid (sodium salt of KMV, 

#K7125), 3-methyl-2-oxobutyrate (sodium salt of KIV, #198994), 2‐deoxyglucose, protease 

(#P8340) and phosphatase (#P5726), inhibitor cocktails, anti‐gamma tubulin antibody (#T6557), 

siRNA oligonucleotides, amino acid standard (#AAS-18), dimethyl sulfoxide (DMSO, #D5879-

100ML), O-phthalaldehyde (OPA, #P1378), 4,6-dimorpholino-N-(4-nitrophenyl)-1,3,5-triazin-2-

amine (MHY1485, #SML0810), 1,2-diamino-4,5-methylenedioxybenzene (DMB, #66807), 

trypan blue dye (#T8154), and 3-Chloro-benzo[b]thiophene-2-carboxylic acid (BT2, #592682) 

were purchased from Sigma Aldrich (Oakville, Ontario, Canada). Rapamycin (#Rap004) was 

purchased from BioShop (Burlington, Ontario, Canada). Antibodies against phosphorylated (ph) 

S6K1 (Thr389, #9234), S6 (Ser235/6, #4858), Akt (Ser473, #4060), BCKDH‐E1α (Ser293, 

#40368), ACC (Ser79, #3661) and IRS-1 (Ser612, #3203), as well as horseradish peroxidase 

(HRP)‐conjugated anti‐rabbit (#7074) and anti‐mouse (#7076) secondary antibodies were 

purchased from Cell Signaling Technology (Danvers, Massachusetts, United States). Antibody 
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against BCAT2 (#16417-1-AP) was purchased from ProteinTech (Rosemont, Illinois, United 

States). [3H]‐2‐deoxyglucose (NET549) was purchased from Perkin Elmer (Markham, Ontario, 

Canada), U-14C labelled valine (ARC0678) was purchased from American Radiolabeled 

Chemicals (St. Louis, Missouri, United States of America), while chemiluminescence substrate 

(#WBKLS0500) was purchased from Millipore (Etobicoke, Ontario, Canada).  

 

Cell Culture 

L6 rat skeletal muscle myoblasts (L6 cells are derived from male rats) were purchased from 

American Type Culture Collection. Cells were cultured in 10‐cm plates with growth medium 

(GM: AMEM supplemented with 10% FBS and 1% ab-am preparations). Cells were seeded 

(2 × 105cells/well) in six‐well plates for western blot experiments or (105 cells/well) in 12‐well 

plates for glucose transport experiments. They were allowed to proliferate for 48 h or until they 

became 90–100% confluent. They were then shifted into differentiation medium (DM: AMEM, 

2% HS, 1% ab-am preparations) and replenished with fresh DM every 48 h. Myotubes were used 

on day 5 (D5) of differentiation.  

 

BCAA and BCKA Treatment 

Myotubes were treated with BCAAs or BCKAs for 30 min. They were then treated with 

or without 100 nM of insulin and the treatment of BCAA/BCKAs continued with insulin for 20 

minutes. For KIC (Fig 4.1-4.2, 4.4-4.6, 4.8-4.10), the concentration used was 200 μM, as shown 

previously to reduce glucose transport (16). For leucine (Fig 4.7), the concentration was 150 μM, 

as shown previously to reduce glucose transport (16). For the BCKA treatment (Fig 4.8), like for 

the KIC treated group we used 200 μM, made up of 76 μM of KIC, 62 μM of KMV and 62 μM 
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of KIV. Like for the BCAA treatment (Fig 4.7), we used 150 μM of leucine, and 175 μM of 

valine and 75 μM isoleucine, for a total of 400 μM, as in the literature valine levels is typically 

the highest in plasma, while isoleucine is the lowest (346).  

 

BT2 Treatment 

BT2 is an inhibitor of BDK, a protein kinase that is a negative regulator of BCKD (227,347). On 

D5 of differentiation, L6 myotubes were treated with 250 μM of BT2 in complete starvation 

medium, free of amino acids and serum for 3 h. Incubation then continued in starvation medium 

with BT2 or vehicle (VEH) that was also supplemented with or without KIC for 30 min. 

Incubation then continued in starvation medium with BT2 or vehicle that was also supplemented 

with or without KIC for 30 min and with or without 100 nM insulin for 20 min followed by 

glucose transport assay, BCKD activity assay or harvesting for immunoblotting. These 

treatments were done similarly in control (SCR) and BDK depleted conditions (Fig 4.6). The 

schematic for the experimental design is outlined in Appendix A. 

 

Trypan Blue 

Cell viability in response to BT2 treatment was measured using a trypan blue dye (348). L6 

myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 

acids and serum. After, cells were trypsinized and then resuspended in trypan blue. Then using a 

hemocytometer, viable cells (black arrow) and non-viable cells (red arrow) were counted. 

 

MHY1485 Treatment  
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4,6-dimorpholino-N-(4-nitrophenyl)-1,3,5-triazin-2-amine (MHY1485) is an mTOR activator 

(349). MHY1485 is dissolved in DMSO. Since insulin treatment already diminishes TSC-2’s 

inhibition on mTORC1, we combined TSC-2 knockdown and MHY1485 treatment to produce a 

greater activation of mTORC1. On D5 of differentiation, L6 myotubes depleted of TSC-2 were 

treated with vehicle or 10μM of MHY1485 in complete starvation medium, free of amino acids 

and serum for 3 h. Incubation then continued in starvation medium with MHY1485 or vehicle 

that was also supplemented with or without KIC for 30 min. After, incubation then continued in 

starvation medium with MHY1485 (10 μM) or vehicle that was also supplemented with KIC 

(200 μM) and with 100 nM insulin for 20 min followed by glucose transport assay and 

harvesting for immunoblotting. Schematic of experimental design outlined in Appendix B. 

 

Rapamycin Treatment 

Rapamycin was used as an mTORC1 inhibitor (350), as done previously in our work (107). Cells 

were starved with or without BT2 (250 μM) for 3 h. Incubation then continued in starvation 

medium with BT2 or vehicle that was also supplemented with or without KIC (200 μM) and with 

or without rapamycin (50 nM) for 30 min. After, incubation then continued in starvation with or 

without BT2 (250 μM), KIC (200 μM) and rapamycin (50 nM), and with or without 100 nM 

insulin for 20 min. Then cells were used for glucose transport assay or harvested for 

immunoblotting. Schematic of experimental design outlined in Appendix C. 

 

Glucose transport 

Following treatments, myotubes cultured in 12‐well plates were washed twice with HEPES [4‐

(2‐hydroxy‐ethyl)piperazine‐1‐ethanesulfonic acid]‐buffered saline]. They were then incubated 
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in 300 μL of transport solution (HEPES buffer, pH 8, 10 μM 2‐deoxyglucose, 0.5 μCi/ml [3H]‐2‐

deoxyglucose) for 5 min at 37°C and 2‐deoxyglucose transport was performed as described 

previously (107,351). Following the 5‐min incubation, plates were placed on ice and cells were 

washed with ice‐cold saline 3 times. They were then lysed with 1 mL of cold 0.05 M NaOH. An 

aliquot of the lysate was used to determine protein concentration while another aliquot was 

counted. Glucose transport was calculated by dividing the radioactivity counts by the specific 

activity of the transport solution to obtain pmol of deoxyglucose transported. This value was then 

divided by the protein concentration in each well to obtain pmol of deoxyglucose transported per 

μg protein. Then this data was normalized to the non-insulin group. Full protocol outlined in 

appendix D. 

 

BCKD Activity Assay 

BCKD catalyzes the irreversible oxidative decarboxylation of the BCKAs. Cells were seeded 

into a 6-well plate. Cells were supplemented with a 1-14C labelled valine. CO2 released from the 

oxidative decarboxylation of valine’s ketoacid a-ketoisovalerate (KIV) is collected in 2 M 

NaOH soaked filter paper wicks. This radiolabelled bicarbonate on the filter paper wick is 

transferred into a 20 ml scintillation vial (Perkin-Elmer, #6008118) containing 3.5 ml of 

scintillation fluid (Ecoscint A, National Diagnostics, #LS-273). Cells are harvested to correct for 

protein content. Relative values are counts per minute (CPM)/μg of protein. Full protocol 

outlined in Appendix E. We used valine instead of leucine, as valine-derived KIV is the 

preferred substrate for BCKD (352).   
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Amino Acid Concentrations 

Following treatments, myotubes were washed 2× in PBS, then harvested with 10% 

trichloroacetic acid. Lysates were centrifuged at 2.3 g for 15 min. Supernatant containing free 

amino acids were diluted in a 1:2:1:8 ratio (sample: potassium phosphate buffer: 0.1 N 

hydrochloric acid: HPLC grade water, respectively). Diluted samples were pre‐column 

derivatized with a 1:1 ratio of sample to o‐Phthalaldehyde (29.28 mM). They were then injected 

into a YMC‐Triart C18 column (C18, 1.9 μm, 75 × 3.0 mm) fitted onto an ultra‐high‐pressure 

liquid chromatography system (Nexera X2, Shimadzu, Kyoto, Japan) that was connected to a 

fluorescence detector (excitation: 340 nm; emission: 455 nm). Amino acids were eluted with a 

gradient solution derived from 20 mM potassium phosphate buffer (6.5 pH) mobile phase 

(mobile phase A) and a solution made from 45% acetonitrile, 40% methanol and 15% HPLC 

grade water (mobile phase B) at a flow rate of 0.8 mL/min. A gradient of 5%–100% of mobile 

phase B over 21 min was used. Amino acid concentrations were calculated using amino acid 

standard curves and were normalized to total protein. Full protocol outlined in Appendix G. 

 

BCKA Concentrations 

Following treatments, myotubes were washed 2× in PBS, then harvested with lysis buffer (1 mM 

EDTA, 2% sodium dodecyl sulfate (SDS), 25 mM Tris‐HCl, pH 7.5, 1 mM DTT, and 10 μl/ml 

of each of protease inhibitor and phosphatase inhibitor cocktails). Lysates were centrifuged at 

10000 g for 10 min. Supernatant containing free BCKAs were diluted in a 1:2:1:8 ratio (sample: 

potassium phosphate buffer: 0.1 N hydrochloric acid: HPLC grade water, respectively). Diluted 

samples were treated with a 1:1 ratio of DMB solution. DMB solution was prepared by adding 

1.6 mg of DMB to 1.0 mL of solution, which contained 4.9 mg of sodium sulfite, 70 µL of 2-
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mercaptethanol, and 58 µL of 12 M HCl in 0.87 mL of ddH2O. Once samples were treated with 

DMB, this solution was heated at 85oC for 45 minutes then cooled on ice for at least 5 min. They 

were injected into an Inertsil ODS-4 column (2 μM, 100 × 2.1 mm; GL Sciences, Torrance, CA, 

USA) fitted onto an ultra‐high‐pressure liquid chromatography system (Nexera X2, Shimadzu, 

Kyoto, Japan) that was connected to a fluorescence detector (excitation: 367 nm; emission: 446 

nm). Mobile phases were: (A) HPLC-grade methanol/ddH2O (30/70, v/v) and (B) HPLC-grade 

methanol. Gradient elution was performed as follows: 0 min 0% B, 3.33 min 0%B, 5 min 50%B, 

17.34 min 50%B. The flow rate was 0.2 mL/min, and the column temperature was maintained at 

40oC. Full protocol outlined in Appendix H. 

 

Gene Silencing 

On D3 of differentiation cells were transfected with 50 nM of BDK (Sigma Aldrich, 

#NM019244) (sense 5’-CUAUGCAUGGCUUUGGCUU, anti-sense 5’-

GAUACGUACCGAAACCGAA) or TSC-2 (Sigma Alrdich, #NM_012680) (sense 5’-

GAGAUUGUUCUGUCCAUAA, anti-sense 5’-CUCUAACAAGACAGGUAUU) or BCAT2 

(sense 5′-GAGUGCAUCCGCCAGCUCA, anti-sense 5′-UGAGCUGGCGGAUGCACUC) 

siRNA oligonucleotides or 50 nM of scrambled siRNA (Sigma Aldrich, #SIC-001) 

oligonucleotides using Lipofectamine RNAiMAX reagent according to the manufacturer's 

instructions into 1mL of AMEM containing 2% HS and no ab-am. Twenty-four hours following 

transfection, 1mL of AMEM containing 2% HS, 1% ab-am was added to the transfected cells on 

top of the existing media. Full protocol described in Appendix I.  
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Protein Assay and Western Blot 

Following treatments, cells were harvested in lysis buffer (1 mM EDTA, 2% sodium dodecyl 

sulfate (SDS), 25 mM Tris‐HCl, pH 7.5, 1 mM DTT, and 10 μl/ml of each of protease inhibitor 

and phosphatase inhibitor cocktails). Then the Pierce BCA Protein Assay Kit (Thermo Scientific, 

#23225) was used to determine protein concentration. The KC4 plate reader software (Bio-Tek 

Instruments Inc., Winooski, Vermont, United States) was used to acquire an absorbance reading 

of each well at a wavelength of 550 nanometers. A standard curve was used to estimate the 

volume needed to load 25 μg of protein into each well of a polyacrylamide gel. The proteins 

were separated on 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Following gel 

electrophoresis, they were transferred onto polyvinylidene difluoride (PVDF) 0.2 µm pore sized 

membranes (Bio-RAD, #1620177). Transfer efficiency was checked with a ponceau dye 

treatment to the membranes to check the protein was transferred. This dye was then washed off 

with 3 5-minute washes of Tris Buffered Saline with Tween (TBST). Next, membranes were 

incubated for one hour in 5% non-fat milk in TBST at room temperature to block non-specific 

antigen binding. Subsequently, they were quickly washed 3 times, 5 minutes each with TBST at 

room temperature and then incubated overnight at 4°C with the primary antibody of interest. 

 

Primary Antibody  Dilution Company Purchased From Secondary Antibody Used 

ph-S6K1 (Thr389) 1:1000 Cell Signaling (CST) #9205 Anti-rabbit (CST #7074) 

BDK  1:1000 Thermo Fisher #PA5-31455 Anti-rabbit (CST #7074) 

ph-Akt (Ser473) 1:1000 CST #9271 Anti-rabbit (CST #7074) 

g-Tubulin  1:10000 Sigma Aldrich #T6557 Anti-mouse (CST #7076) 

ph-IRS-1 (Ser612)  1:1000 CST #3203 Anti-rabbit (CST #7074) 

Table 4.1: List of Antibodies used.  
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ph-BCKD 

(Ser293)  

1:1000 CST #40368 Anti-rabbit (CST#7074) 

ph-S6 (Ser235/6) 1:2000 CST #4858 Anti-rabbit (CST#7074) 

BCAT2 1:1000 ProteinTech #16417-1-AP Anti-rabbit (CST #7074) 

ph-ACC (Ser79) 1:1000 CST #3661 Anti-rabbit (CST #7074) 

 

Following the overnight incubation in primary antibody, membranes were washed 3 times for 5 

minutes each with TBST and were incubated in a secondary antibody for three hours at room 

temperature. Secondary antibodies were diluted into a 5% milk with TBST solution before 

incubation with the membranes. Secondary antibodies; anti-rabbit (CST # 7074) or anti-mouse 

(CST #7076) antibodies were used with the dilution of 1:10000. Subsequently, membranes were 

washed 3 times for 5 minutes each with TBST before HRP chemical luminescent substrate was 

applied to them. Bio-RAD ChemiDoc XRS+ was used for signal visualization and the images 

were quantified with Image Lab software (version 8; Bio-RAD, Hercules, California, United 

States). 

 

Statistical Analysis and Data Presentation 

Glucose transport data are presented as pmol of 2‐deoxyglucose per μg protein and 

normalized to the basal group (without insulin) as control. BCKD activity data are presented as 

CPM per μg protein. Proteins for western blots were adjusted for loading using γ‐tubulin values. 

Statistical analyses were performed using GraphPad Prism 8 software (GraphPad, Massachusetts, 

United States). Data are presented as mean ± SEM. Two‐way analysis of variance (ANOVA) 
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was used and Tukey's post‐hoc tests were done to measure statistically significant differences 

among means. Significance was determined as p < 0.05. 
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4.4 Results 

BDK knockdown resulted in significantly reduced BDK protein (Fig 4.1A, p<0.0001). 

BDK depletion increased insulin-stimulated glucose uptake (Fig 4.1B, p<0.05). There was a 

trend (p=0.054) for KIC-induced suppression of insulin-stimulated glucose uptake in control 

cells (SCR). This effect was attenuated in BDK depleted cells (Fig 4.1B).  

 

 

Figure 4.1: BDK depletion attenuates the suppressive effect of KIC on insulin-
stimulated glucose uptake. 
Cells were transfected with control (SCR) or BDK siRNA oligonucleotides. Forty-eight h later, 
cells were starved in a medium lacking amino acids and serum for 3 hours. They were then 
treated without (−KIC) or with 200 μM KIC (+KIC) for 30 min. After, cells were incubated with 
or without 100 nM insulin for 20 min. Proteins in lysates were immunoblotted against BDK (A). 
Glucose uptake assay was performed (B). Glucose uptake, expressed as picomole of 2-
deoxyglucose transported into the cell/μg protein and normalized to the no insulin (-insulin), in 
the SCR condition. n = 3 biological replicates with three technical replicates per experiment. 
Data presented as Means ± SEM. * p<0.05, **** p<0.0001. 
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Next, we examined the effect of BDK depletion and KIC supplementation on 

components of insulin/mTORC1 signaling, as the effects of KIC on glucose transport is mediated 

through mTORC1 signaling (16,17). There was no effect of BDK depletion or KIC 

supplementation on Akt (Ser473) phosphorylation (Fig 4.2A-B). There was a trend for increased 

insulin-stimulated S6K1 (Thr389) phosphorylation in response to KIC treatment (Fig 4.2A, 4.2C, 

p=0.055), but this effect was attenuated in BDK depleted cells (Fig 4.2A, 4.2C). Similarly, KIC 

increased insulin-stimulated IRS-1 (Ser612) phosphorylation (p<0.05), a negative regulator of 

insulin signaling that is phosphorylated by S6K1, but this effect was attenuated in BDK depleted 

cells (Fig 4.2A, 4.2D). These data suggest BDK depletion attenuates KIC-induced suppression of 

insulin-stimulated glucose uptake by attenuating the increase in S6K1/IRS-1 phosphorylation.  
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Figure 4.2: BDK depletion attenuates phosphorylation of S6K1/IRS-1 induced by KIC 
Cells were treated as described in Fig 4.1. Proteins in lysates were immunoblotted against 
phosphorylated (ph)-Akt (Ser473) (A, B), ph-S6K1 (Thr389) (A, C), and ph-IRS-1 (Ser612) (A, 
D). n=3 biological replicates with 3 technical replicates per experiment. Data presented as Means 
± SEM. ns = not significant, * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4.3: BT2 does not affect cell morphology or viability cells. 
L6 myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 
acids and serum. After, cells were trypsinized and then resuspended in trypan blue. Then using a 
hemocytometer, viable cells (black arrow) and non-viable cells (red arrow) were counted. Light 
microscope image of the cells following drug/vehicle treatment at 4x magnification (A), and  
percentage of viable cells counted using trypan blue dye (B). Microscope image of cells with 
trypan blue dye at 40x magnification (C). Protein concentration following VEH and BT2 
treatment (D). n=3 biological replicates with 3 technical replicates per experiments. Data 
presented as Means ± SEM.  
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conditions. BT2 increased BCKD activity in control (p<0.01) and KIC treated conditions BT2-

treated cells (Fig 4.4C, p=0.07). KIC reduced insulin-stimulated glucose uptake, but this effect 

was attenuated in BT2-treated cells (Fig 4.4D, p<0.05). It has previously been shown that KIC is 

converted back to leucine to elicit its effects on insulin-stimulated glucose uptake (17). Here we 

showed that BT2 treatment reduced accumulation of leucine in KIC-treated cells (Fig 4.4E), 

potentially explaining why KIC-induced suppression of insulin-stimulated glucose uptake was 

attenuated. BT2 did not affect myotube isoleucine, valine, or glutamate (Fig 4.4F-H) levels with 

or without KIC treatment. 

As shown in our BDK depleted experiments (Fig 4.2A-B), there was no effect of KIC or 

BT2 treatment on insulin-stimulated Akt (Ser473) phosphorylation (Fig 4.4A, 4.4I). Like the 

BDK experiments (Fig 4.2A, 4.2C-D), insulin or insulin plus KIC increased insulin-stimulated 

S6K1 (Thr389) and IRS-1 (Ser612) phosphorylation, however, this was attenuated in BT2 

treated cells (Fig 4.4A, 4.4J-K).  
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Figure 4.4: BDK inhibition attenuates the suppression of KIC on insulin-stimulated glucose 
uptake.  
L6 myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in the medium with BT2 that was also supplemented 
with or without KIC (200 μM) for 30 min. After, cells were incubated with or without 100 nM 
insulin for 20 min. Proteins in lysates were immunoblotted against ph-BCKD (Ser293) (A, B). 
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BCKD assay (C), glucose uptake assay (D) and measurement of intracellular leucine (E), 
isoleucine (F), valine (G), and glutamate (H) concentrations were performed. Proteins in lysates 
were also immunoblotted against ph-Akt (Ser473) (A, I), ph-S6K1 (Thr389) (A, J) and ph-IRS-1 
(Ser612) (A, K). Glucose uptake, expressed as picomole of 2-deoxyglucose transported into the 
cell/μg protein and normalized to the no insulin (-insulin), in the VEH condition. n=3 biological 
replicates with 3 technical replicates per experiment. Data presented as Means ± SEM. ns = not 
significant, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
 

 

Since, BT2 prevented the accumulation of leucine from KIC treatment (Fig 4.4E), as shown in 

our previous study (107), we wanted to confirm BCAT2 was responsible for the conversion of 

KIC to leucine. Here we show that the conversion of KIC to leucine requires BCAT2 (Fig 4.5A-

B). We also show that the effect of BT2 on glucose transport in cells treated with KIC was more 

pronounced with BDK depletion (Fig 4.6A-B). BDK inhibition does not attenuate KIC-induced 

suppression of insulin-stimulated glucose uptake as well as BDK depletion.  
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Figure 4.5: BCAT2 knockdown prevents conversion of KIC to leucine. 
Cells were transfected with control (SCR) or BCAT2 siRNA oligonucleotides. Forty-eight h later 
L6 myotubes were incubated for 3 h in 250 μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in the medium with BT2 that was also supplemented 
with or without KIC (200 μM) for 30 min. Proteins in lysates were immunoblotted against 
BCAT2 (A) and intracellular leucine concentrations were determined by HPLC (B). n=3 
biological replicates with 3 technical replicates per experiments. Data presented as Means ± 
SEM. ** p<0.01. 
 
 

 
Figure 4.6: BDK depletion has a greater effect that BT2 on insulin-stimulated glucose 
transport 
Cells were transfected with control (SCR) or BDK siRNA oligonucleotides. Forty-eight h later 
L6 myotubes were incubated for 3 h in 250 μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in the medium with BT2 that was also supplemented 
with or without KIC (200 μM) for 30 min. After, cells were incubated with or without 100 nM 
insulin for 20 min. Proteins in lysates were immunoblotted against BDK (A). Glucose transport 
assay was performed (B). Glucose transport was expressed as picomole of 2-deoxyglucose 
transported into the cell/μg protein and normalized to the no insulin (-insulin) in SCR condition. 
n=3 biological replicates with 3 technical replicates per experiment. Data presented as Means ± 
SEM.  * p<0.05 
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Next, we wanted to assess the effect of BT2 with BCAAs or BCKAs on insulin 

resistance, as leucine and KIC exist in the presence of the other BCAAs and BCKAs. Leucine or 

the BCAAs had no effect on BCKD activity (Fig 4.7B) or insulin-stimulated glucose transport 

(Fig 4.7C). Insulin-stimulated increase in Akt (Ser473) phosphorylation was not modified by 

leucine, BCAA or BT2 treatment (Fig 4.7A, 4.7D). There was a trend for increased S6K1 

(Thr389) phosphorylation (40% increase relative to insulin only, Fig 4.7A, 4.7E), in response to 

BCAA and leucine treatment, but these effects were not statistically significant. BT2 treatment 

also tended to suppress the effects of leucine/BCAAs on S6K1 (~32% decrease relative to 

vehicle treated cells; Fig 4.7A, 4.7E) and IRS-1 (Ser612) phosphorylation (~70% decrease 

relative to vehicle treated cells; Fig 4.7A, 4.7F). There was no effect on the phosphorylation of 

another downstream substrate of BDK, acetyl-CoA carboxylase (ACC) (Ser79) (Fig 4.7A, 4.7G) 

in any of the treatments, although the effect of insulin on ACC phosphorylation tended to be 

lower (~50%) in BT2-treated cells. 
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Figure 4.7: Inhibition of BDK did not modify the suppression of BCAA on insulin 
stimulated glucose uptake. 
L6 myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in starvation medium with BT2 along with the 
addition of leucine (150 μM) or BCAA (total 400 μM: consisting of 175 μM of valine, 150 μM 
of leucine and 75 μM of isoleucine) for 30 min. After, cells were incubated with or without 100 
nM insulin for 20 min. After treatments, BCKD activity assay (B) and glucose uptake (C) were 
performed. Proteins in lysates were immunoblotted against ph-Akt (Thr389) (A, D), ph-S6K1 
(Thr389) (A, E), ph-IRS-1 (Ser612) (A, F), and ph-ACC (Ser79) (A, G). Glucose uptake, 
expressed as picomole of 2-deoxyglucose transported into the cell/μg protein and normalized to 
the no insulin (-insulin), in the VEH condition. n=3 biological replicates with 3 technical 
replicates per experiment. Data presented as Means ± SEM. * p<0.05, ** p<0.01, *** p<0.001, 
**** p<0.0001. 
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KIC supplementation led to increased levels of leucine (Fig 4.8A, p<0.05) and KIC (Fig 

4.8B, p<0.001), which was attenuated by BT2 treatment. BCKA treatment only marginally 

increased leucine (Fig 4.8A), KIC (Fig 4.8B), KIV (Fig 4.8C), and KMV (Fig 4.8D) levels, but 

they were reduced with BT2 treatment. BCKAs and KIC decreased BCKD phosphorylation (Fig 

4.8E-F, p<0.05). There was also a slight increase in BCKD activity when BCKAs and KIC were 

supplemented with BT2 (Fig 4.8G), but this was not statistically significant. Unlike for BCAAs 

and leucine, KIC and BCKA supplementation significantly reduced insulin-stimulated glucose 

uptake (Fig 4.8H, p<0.01). The effect of KIC and BCKAs on insulin-stimulated glucose uptake 

was attenuated with BT2 treatment. KIC/BCKAs, with or without BT2, did not modify Akt 

(Ser473) phosphorylation (Fig 4.8E, 4.8I). BCKAs and KIC increased insulin-stimulated S6K1 

(Thr389) phosphorylation (Fig 4.8E, 4.8J, p<0.001), which was attenuated with BT2 treatment. 

There was no effect of KIC and BCKAs with or without BT2 on IRS-1 (Ser612) 

phosphorylation, although the values in BT2 groups were less in groups treated with 

KIC/BCKAs (Fig 4.8E, 4.8K). KIC/BCKA, with or without BT2, did not modify ACC (Ser79) 

phosphorylation (Fig 4.8E, 4.8L). 
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Figure 4.8: BDK inhibition attenuates the suppression of glucose uptake by BCKA. 
L6 myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in starvation medium with BT2 along with the 
addition of KIC (200 μM) or BCKA (total 200 μM: consisting of 76 μM of KIC and 62 μM for 
each of KMV and KIV) for 30 min. After, cells were incubated with or without 100 nM insulin 
for 20 min. After treatments, cells were harvested and measurement of intracellular leucine (A), 
KIC (B), KIV (C), and KMV (D) were performed. Protein in lysates were immunoblotted against 
ph-BCKD (Ser293) (E, F). BCKD activity assay (G) and glucose uptake assay (H) were 
performed. Protein in lysates were also immunoblotted against ph-Akt (Ser473) (E, I), ph-S6K1 
(Thr389) (E, J), ph-IRS-1 (Ser612) (E, K), and ph-ACC (Ser79) (E, L). Glucose uptake, 
expressed as picomole of 2-deoxyglucose transported into the cell/μg protein and normalized to 
the no insulin (-insulin), in the VEH condition. n=3 biological replicates with 3 technical 
replicates per experiment. Data presented as Means ± SEM.  * p<0.05, ** p<0.01, *** p<0.001, 
**** p<0.0001 
 

Based on our data in Fig 4.2, the relationship between suppressed insulin-stimulated 

glucose transport and the activation of S6K1/IRS1 is apparent. Depleting or inhibiting BDK also 

suggests a link between attenuating the effect of KIC-induced suppression of insulin-stimulated 

glucose uptake and the S6K1/IRS1 signaling pathway. To mechanistically confirm that this 
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treatment with MHY1485, an mTOR activator to re-establish mTORC1/S6K1/IRS-1 signalling 

in the presence of BT2 and KIC treatment. With TSC-2 knockdown and MHY1485 treatment 

combined, we showed greater S6 (Ser235/6) phosphorylation (Fig 4.9A-B, p<0.05) and IRS-1 

(Ser612) phosphorylation (Fig 4.9A, 4.9C, p<0.05). As shown before, KIC suppressed insulin-

stimulated glucose uptake, which was attenuated by BT2. However, this attenuation is absent 

when mTORC1/S6K1/IRS-1 signaling is restored (Fig 4.9D), showing that the inhibitory 

mTORC1/S6K1/IRS-1 pathway contributes to the suppression of insulin-stimulated glucose 

uptake from KIC supplementation in myotubes.  
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Figure 4.9: Suppression of mTORC1 is required for the attenuating effect of BT2 on the 
impairment in glucose uptake by KIC. 
Cells were transfected with control or TSC-2 siRNA oligonucleotides. Forty-eight h later, they 
were treated with or without 250μM of BT2 and with or without 10μM of MHY1485 in serum- 
and amino acid-free medium for 3 h. Afterwards, the cells were supplemented without (−KIC) or 
with 200 μM KIC (+KIC) for 30 min followed by incubation with or without 100 nM insulin for 
20 min. After treatments, proteins in lysates were immunoblotted against ph-S6 (Ser235/6) (A, 
B) and ph-IRS-1 (Ser612) (A, C). Glucose transport assay was performed (D). Glucose uptake 
was expressed as picomole of 2-deoxyglucose transported into the cell/μg protein and 
normalized to the no insulin (-insulin), in the VEH condition. Mean ± SEM; n = 3 biological 
replicates with 3 technical replicates per experiment. * p<0.05, ** p<0.01.  
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In our previous work, we showed that the suppressive effect of KIC was dependent on 

mTORC1, as rapamycin treatment attenuated the suppressive effect of KIC on insulin-stimulated 

glucose uptake (107). Thus, we were curious and wanted to examine if this suppression held true 

with BT2 co-treatment. Rapamycin co-treatment with BT2 and KIC further reduced S6K1 (Fig 

4.10A-B, p<0.05) and S6 phosphorylation (Fig 4.10A, 4.10C, p<0.01), which led to a consistent 

further suppression of insulin-stimulated glucose uptake (Fig 4.10D, p<0.01). Based on our 

results, this suggests that although increased mTORC1 activation reduces glucose transport, 

some mTORC1 activation is required for glucose uptake, emphasizing the complexity of 

mTORC1 signalling and its link to glucose transport. 
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Figure 4.10: The BT2 mediated attenuation of suppressed insulin-stimulated glucose 
uptake by KIC requires mTORC1 activity.  
 
L6 myotubes were incubated for 3 h in 250μM of BT2 in a starvation medium that lacked amino 
acids and serum. Incubation then continued in the medium with BT2 or vehicle that was also 
supplemented with or without KIC (200 μM) for 30 min and with or without rapamycin (an 
mTORC1 inhibitor, 50 nM). After, cells were incubated with or without 100 nM insulin for 20 
min. After treatments, proteins in lysates were immunoblotted against ph-S6K1 (Thr389) (A, B) 
and ph-S6 (Ser235/6) (A, C). Cells underwent a glucose transport assay (D). Glucose transport 
was expressed as picomole of 2-deoxyglucose transported into the cell/μg protein and 
normalized to the no insulin (-insulin), in the VEH condition. n=3 biological replicates with 3 
technical replicates per experiment. Data presented as Means ± SEM. ns = not significant, * 
p<0.05, ** p<0.01, **** p<0.0001. 
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Figure 4.11: Schematic showing how BCAA catabolic enzyme activity affects BCKA 
induced insulin resistance. 
 
In the first panel, a simplified insulin signaling pathway is shown. In the second panel, with KIC 
supplementation, KIC is converted back to leucine by BCAT2. Leucine then activates 
mTORC1/S6K1, leading to the phosphorylation of IRS-1 (Ser612) and thus hindering IRS-1 
signaling downstream. In the third panel, with BDK depletion or BT2 treatment, BCKD activity 
is increased leading to reduced leucine levels, and corresponding attenuation of mTORC1 
activation and rescuing of insulin-stimulated glucose uptake.  
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4.5 Discussion 
 

In this study, we demonstrated a suppression in insulin stimulated glucose uptake by KIC 

and BCKAs. We also demonstrated that using genetic and pharmacological interventions 

regulating proteins involved in KIC/BCKA metabolism attenuates their effect on insulin 

stimulated glucose uptake and related insulin signaling proteins. We also confirmed the role of 

the mTORC1/S6K1/IRS-1 signaling pathway in KIC-induced insulin resistance (Fig 4.11). Data 

presented here suggests that increasing BCAA oxidation through enhanced BCKD activity can 

be a potential therapeutic strategy against insulin resistance in skeletal muscle. Since insulin 

resistance in skeletal muscle is the primary cause for T2DM (354), our data also suggests that 

enhanced BCAA oxidative flux may provide benefits for the management and prevention of 

T2DM and its sequelae.  

Elevated levels of BCAA and BCKA show high associations with future diabetes (221), 

which is mediated by insulin resistance (222). Lotta et al. showed that a genetic predisposition to 

impaired BCAA metabolism is implicated in T2DM (320). Consistent with this BCAA oxidation 

and BCAA catabolic enzymes are reduced in insulin resistant states in skeletal muscle (23,24). 

We have also demonstrated that BCKD depletion reduces insulin-stimulated glucose uptake (17). 

Consistent with these findings, activating BCKD via BT2 treatment improves whole-body 

insulin sensitivity, liver steatosis and fatty acid oxidation in the liver of obese mice. However, 

liver specific knockdown for BDK in these obese mice did not yield similar results, suggesting 

other tissues like skeletal muscle may play a role in BT2-mediated benefits on insulin sensitivity 

(337). Studies on BCKD activity have focused on the liver where BCKD activity is the highest. 

Our previous study (17) and data presented here clearly implicate muscle BCKD regulation in 

contributing to insulin resistance. 
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The role of activating BCKD activity in improving insulin sensitivity is consistent with 

the literature (294,326,337). Vanweert et al, show activating BCKD by sodium phenylbutyrate 

treatment for two weeks improved insulin sensitivity in T2DM patients (335). Blair et al. also 

demonstrate BT2 treatment improved insulin sensitivity in mice, but specific activation of 

BCKD activity in only skeletal muscle, and in liver and skeletal muscle together did not improve 

insulin sensitivity, but did reduce plasma BCAAs, suggesting contribution of more tissues than 

just skeletal muscle and liver (333). Additionally, Zhao et al. show that metformin improved 

insulin sensitivity, but worsened BCAA catabolism (329). They did show that AMPK 

phosphorylation was increased with consistent decreases in BCKD activity and increased 

BCAA/BCKA levels (329), This is interesting as AMPK opposes mTORC1 signaling (355), 

which could be preventing BCAA induced mTORC1 activation. This shows how other 

mechanisms may impact the mTORC1 mediated effects of BCAAs on insulin sensitivity. 

Previous studies have shown that mTORC1 mediates the suppressive effects of BCAAs 

and BCKAs on insulin resistance (108,356,357). Activated mTORC1/S6K1 phosphorylates 

inhibitory serine residues of IRS-1 (Ser612) (358), hindering signaling downstream (10,15). Past 

studies have focused on BCAAs, so it was not clear how the effects of KIC and the other BCKAs 

could be mediated. However, BCAA supplementation in mice with muscle specific BDK 

knockout mice have increased S6K1 phosphorylation (359), suggesting that despite enhanced 

BCKD activity, the role of BCAT2 to provide substrates for BCKD is important and may limit 

BCAA catabolism. The importance of BCAT2 is evident in our previous work, as BCAT2 

knockdown reduces the conversion of KIC back to leucine (17), attenuating the effect of KIC on 

insulin-stimulated glucose. Here we showed that KIC activated this S6K1-IRS-1 signaling, but 

BDK depletion or inhibition attenuated this, most likely by increasing the catabolism of KIC to 
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prevent it from activating this mechanism, as leucine concentration was reduced in cells in which 

BDK was inhibited. While rapamycin (mTORC1 inhibitor) attenuated the effect of KIC on 

insulin-stimulated glucose transport (107) in our past work, here we show that activating 

mTORC1 in the presence of KIC and BT2 re-establishes the suppression of glucose uptake. 

However, rapamycin treatment in BT2 and KIC treated cells suggests that the action of BT2 

requires some mTORC1 activity, as completely abolishing mTORC1 activity back to basal levels 

reduced insulin-stimulated glucose uptake. Muscle specific ablation of raptor in mice showed 

increased blood glucose levels via glucose tolerance test (360), and an increase in glucose levels 

via an insulin tolerance test (361). Both studies are consistent with our data that rapamycin 

reduces insulin-stimulated glucose transport.  

Our data clearly demonstrates that the activation of mTORC1/S6K1/IRS-1 pathway is 

vital for the effect of KIC on insulin stimulated glucose transport in myotubes in both control and 

BDK depleted/inhibited conditions.  

It is interesting that both increased and reduced activation of mTORC1 reduces glucose 

transport. As discussed above, increased mTORC1 activation results in phosphorylation of 

inhibitory serine residues of IRS-1. Interestingly, rapamycin reduces insulin-stimulated glucose 

transport by reducing insulin-stimulated GLUT4 translocation (362). Furthermore, rapamycin is 

known to inhibit FKBP12, a protein part of mTORC1, and FKBP12 protein is also necessary for 

ryanodine receptor function, which are intracellular calcium channels involved in excitation-

contraction coupling (363). Loss of FKBP12 proteins leads to calcium leak, which is seen in 

myopathies and heart failure (364), and an increase in calcium leak suppresses insulin sensitivity 

in skeletal muscle in vitro and in vivo (365). Thus, reductions in glucose transport from 

rapamycin could be due to off-target effects. To prevent off-target effects of a drug, it would be 
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better to knock down raptor to inhibit mTORC1, but as stated above, muscle specific raptor 

ablation in mice worsened insulin sensitivity (360,361). Ultimately this suggests that mTORC1 

activation must be kept between a certain threshold and any divergence from this may impact 

insulin sensitivity. 

Akt plays a critical role in insulin-stimulated glucose transport (69). However, while 

there was an effect of insulin on Akt Ser473 phosphorylation, neither KIC nor BT2 influenced 

Akt Ser473 phosphorylation. However, Zhou et al. demonstrated that BCAA treatment in ob/ob 

mice given a low protein diet reduced Akt (Thr308) phosphorylation in skeletal muscle, and BT2 

increased Akt (Thr308) phosphorylation in ob/ob mice (294). They also demonstrated that 

BCKA (500 µM) treatment in 3T3-L1 reduced Akt (Thr308) phosphorylation, and this was 

dependent on mTORC1 (294). On the other hand, whey-protein increased mTORC1 activation 

and reduced leg glucose uptake with no change in Akt phosphorylation of either residue, 

suggesting that the effect of protein ingestion is not due to inhibition of Akt by leucine-mediated 

mTORC1 signaling (296). Even though reduced Akt activation may suggest reduced glucose 

transport, this is not always the case. Akt phosphorylation is also increased in leg muscle insulin 

resistance (366–368). Inflammation also has shown to increase Akt phosphorylation (369). This 

suggests the complex relationship between Akt phosphorylation and insulin stimulated glucose 

transport is context dependent. 

Interestingly, BCKAs treatment exhibited a significant reduction in insulin-stimulated 

glucose transport, while BCAAs did not. Also, it is evident that BT2 attenuated the effect of 

BCKAs on insulin-stimulated glucose transport, while it did not improve insulin-stimulated 

glucose transport in BCAA supplemented conditions. Although not significant, we do see minor 

increases in BCKD activity in co-incubation of BT2 and BCKAs compared to BCKAs alone, 
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while no change in BCKD activity in response to BT2 and BCAA co-incubation compared to 

BCAAs alone. The effects of valine on reducing insulin sensitivity in obese rats seem to be 

linked with increased valine induced BCKD inhibition (301). Thus there seems to be a link 

between increasing BCKD activity and improving insulin sensitivity, as supported by the 

literature (294,307).  Since our cells were cultured in starvation medium prior to BCAA 

treatment, the differences seen between the effects of BCAAs and BCKAs may be due to the fact 

that BCAAs are not being catabolized to prevent fasted-state protein degradation (370). 

A limitation of this work is that it is an in vitro study. It is important to determine if these 

results can be reproduced in skeletal muscle of intact animals, although it may be difficult to 

analyze mechanistic links involved in the effect of upregulating BCKD activity on insulin 

sensitivity in a single tissue. To determine the effects of BCAAs/BCKAs on insulin resistance, 

we did so in amino acid starved conditions. Presence of other amino acids may influence results 

acquired. Normalizing the groups to the non-insulin group is a limitation as well, which may 

make the power artificially higher. Cell culture experiments were run on separate days, so 

different cell lines and passages were used. Also, each biological replicate had different myotube 

integrity as well. These factors may contribute to the variability in the raw values of pmol of 

glucose up taken by the myotubes. However the percent change between groups were similar, so 

we normalized it to the control. 

Another limitation may be the sample size, as for example in figure 4.1B, it was very 

close to significance, but we did not want to chase a specific p-value. Power calculations were 

not done before the start of this study, but using previous research that showed KIC suppressed 

insulin stimulated glucose transport by 34% (means of ~175±15 vs ~115, power value was 80%, 

and the alpha value was 0.05), (16) power calculations showed that a sample size of 1 per group 
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would suffice. Here we did 3 biological replicates with 3 technical replicates per experiment for 

all measures, as typically done in cell culture studies.   

In conclusion, we show that inhibition/depletion of BDK in L6 myotubes improves 

insulin sensitivity and attenuates BCKA induced suppression of insulin-stimulated glucose 

uptake and that the mTORC1/S6K1-IRS-1 signaling pathway is in part responsible for these 

changes. Our data suggests that interventions that upregulate BCAA catabolic flux may provide 

therapeutic potential for the management/prevention of insulin resistance and associated 

diseases. 

 

4.6 Author Contributions 
 
GM and OAJA conceived and designed the experiments. GM performed the experiments. GM 

drafted the initial version of the manuscript. OAJA reviewed and edited the manuscript. Both 

authors approved the final version of the manuscript.  

Acknowledgements 

We acknowledge the Muscle Health Research Centre at York University for their help with 

HPLC.  

Funding 

This work is supported by funds from the Natural Science and Engineering Research Council 

 of Canada and from the Faculty of Health, York University. 

Disclosure 

The authors declare no conflict of interest. 

 



 97 

Chapter 5: Leucine, but not ketoisocaproic acid (KIC) gavage alters insulin 
signaling but not whole-body insulin tolerance in rats 
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5.1 Abstract: 
 

Plasma levels of branched-chain amino acids (BCAAs) and their metabolites, branched-
chain ketoacids (BCKAs) are increased in insulin resistance, a condition that can lead to type 2 
diabetes mellitus. Our previous in vitro studies showed that leucine and its metabolite KIC 
suppress insulin-stimulated glucose uptake in L6 myotubes along with the activation of the 
S6K1-IRS-1 signaling axis. However, due to contributions of various tissues and differences in 
muscle fiber types to whole-body BCAA metabolism, we analyzed the effect of KIC gavage on 
whole-body insulin sensitivity and insulin signaling in vivo. We hypothesize that KIC gavage 
will reduce whole-body insulin sensitivity, and increase S6K1-IRS-1 phosphorylation in various 
tissues.   

Five-week-old male Sprague-Dawley rats were fasted for 24 hours and then gavaged with 
0.75ml/100g of body weight of water, leucine (22.3g/L) or KIC (30g/L) twice, ten minutes apart. 
They were then sacrificed at different time points post-gavage (0.5-3h) and muscle, liver, and 
heart tissues were dissected. Another set of rats were fasted 6 hours and then gavaged with either 
water, leucine, or KIC and underwent an insulin tolerance test. 

Phosphorylation of S6K1 (Thr389) in gastrocnemius, soleus, and EDL, and S6 (Ser235/6) 
in gastrocnemius, soleus, EDL, liver, and heart were increased after 30 minutes of leucine 
gavage, but were back to control levels by 60 minutes, while KIC increased S6 (Ser235/6) 
phosphorylation in only the liver. IRS-1 (Ser612) phosphorylation was increased 30 minutes 
after leucine gavage in the liver and skeletal muscles irrespective of fiber type, but not in the 
heart. This effect was alleviated by the 60-minute mark. Leucine and KIC did not affect insulin 
tolerance. Neither leucine nor KIC modified ph-Akt (Ser473) in skeletal muscle and heart. There 
were no differences in the expression of enzymes involved in BCAA catabolism across the 
different muscle fibers. 

Our data suggests that leucine but not KIC activates the S6K1-IRS-1 signaling axis in 
various tissues. KIC only alters this pathway in the liver, suggesting it is predominantly up taken 
by the liver. KIC and leucine also does not affect insulin tolerance and therefore, the effect of 
leucine and KIC on the S6K1-IRS-1 signaling pathway is also uncoupled from whole body 
insulin tolerance.  
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5.2 Introduction: 
 

Dietary protein and, in particular, branched-chain amino acids (BCAAs; leucine, valine, 

isoleucine) stimulate muscle protein synthesis, and regulate glucose homeostasis and body 

weight (10). However, despite these benefits, elevated levels of plasma BCAAs and BCAA 

metabolites, branched-chain a-ketoacids (BCKAs; alpha-ketoisocaproic acid (KIC), alpha-keto-

beta methylvaleric acid (KMV), and alpha-ketoisovaleric acid (KIV)) are seen in insulin-resistant 

states like T2DM (11–13,221,222). This poses the question if increased BCAA and BCKA levels 

cause insulin resistance or are a consequence of insulin resistance.  

Rats require ~1.2 g of BCAAs per kg of body weight in a day, compared to humans who 

require ~68 mg of BCAAs per kg of body weight (371). The discrepancy in required intake 

between humans and rats is because protein consumption per kg of body weight is tenfold higher 

in rats than in humans (372,373). Also, the enzymes involved in BCAA metabolism is similar in 

humans and in rats (228), making the rat an appropriate model for studying BCAA metabolism. 

In terms of comparing BCAA transport across different species, only one study has examined the 

whole-body distribution of isoleucine oxidation and disposal into protein synthesis, and this was 

done in mice, but not in rats and humans (227). However, since BCAAs metabolism is less 

active in primates than rats, primates may be an even better model for future studies (374).  

Many studies have shown that BCAAs increase the activation of mammalian/mechanistic 

target of rapamycin complex 1 (mTORC1) and p70 ribosomal protein S6 kinase-1 (S6K1). This 

results in the phosphorylation of inhibitory serine residues of IRS-1 (Ser636, Ser312, Ser616 in 

humans, and Ser632, Ser307 and Ser612 in mice) (109,110) by S6K1. This ultimately leads to 

the degradation of IRS-1 (47), and thus hindering downstream insulin signaling (14,15). We have 

shown that leucine treatment in vitro and in vivo reduces insulin sensitivity, and this is seen with 
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a consistent increase in S6K1 phosphorylation (16,18). We have also shown that KIC (16,17), 

the BCKA of leucine, suppressed insulin-stimulated glucose uptake in L6 myotubes along with 

increases in the S6K1-IRS-1 signalling axis. However, due to the contributions of other tissues 

aside from just skeletal muscle in BCAA metabolism and that the fact that BCAAs do not 

phosphorylate mTOR (Ser2448) in the soleus but do in the extensor digitorum longus (EDL) 

muscle (19), we analyzed the effect of KIC and leucine gavage on insulin tolerance and insulin 

signaling in various tissues and different muscle fiber types involved in BCAA metabolism. This 

will help us gain a deeper understanding of the pathogenesis of insulin resistance and potential 

interventions against it.   
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5.3 Methods: 

Ethics Statement:  

All animal experiments were approved by the York University Animal Care Committee in 

accordance with the recommendations of the Canadian Council on Animal Care. 

Reagents and Materials 

KIC (#0629), leucine (#L8912), anti‐gamma tubulin antibody (#T6557), amino acid standard 

(#AAS-18), and protease (#P8430) and phosphatase #P5726) inhibitor cocktails were purchased 

from Sigma Aldrich (Oakville, Ontario, Canada). Water, KIC and leucine were gavaged using 

feeding tubes (FTP-18-75) purchased from Instech Laboratories, (Plymouth Meeting, 

Pennsylvania, United States). Insulin (Humulin R, DIN#00586714, short acting insulin) was 

purchased from Eli Lilly Canada Inc., (Toronto, Ontario, Canada). The glucometer (#71675) and 

glucose strips (#71681) were purchased from AlphaTrak, (Cleveland, Ohio, United States).  

Animals 

Young male Sprague–Dawley rats (150–200 g) were purchased from Charles River 

Laboratories Inc. (Senneville, Quebec, Canada). They were acclimatized for 1 week in the 

animal care facility at York University while being maintained at the standard 12:12‐h light–dark 

cycle at 22–23°C. They had access to rat chow (product #D12450B, Research Diets, New 

Brunswick, New Jersey, United States) and water. Animals were handled 2–3 times per week to 

reduce stress of handling them on the day of the experiment.  

Rats were food deprived for 24 h but had access to water. They were then divided into 

three groups. The first group was gavaged with double distilled water (ddH2O) at a dose of 1.5 
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mL/100 g body weight in two halves 10 minutes apart. The second group was gavaged with 

leucine (1 g/44.84 mL ddH2O (0.170 mM), 1.5 mL/100 g body weight) in two halves 10 minutes 

apart. This is equivalent to 0.33 g leucine/kg of body weight, which represents ~30% of a rats 

daily leucine consumption (375). The third group was gavaged with KIC (1 g/33.33 mL ddH2O 

(0.197 mM), 1.5 mL/100 g body weight) in two halves 10 minutes apart. Rats were euthanized at 

different times (0.5–3 h) after gavage, and blood was taken and soleus, tibialis anterior, EDL, 

gastrocnemius, liver, and heart were dissected, flash-frozen in liquid nitrogen and stored at -80oC 

for further analyses. For analysis of fiber type differences in response to KIC/leucine gavage, the 

soleus was used for type I fibers, the EDL for type II fibers, and gastrocnemius for a mixed 

muscle fiber. 

Insulin Tolerance Test 

Following a 6 h food deprivation, rats were gavaged with either water, leucine or KIC, 

twice, 10 minutes apart as stated above. One hour following the first gavage, glucose readings 

and blood was collected through the saphenous vein. Then an intraperitoneal insulin injection 

was administered (1 U/kg body weight). Like basal glucose readings, blood glucose post insulin 

(10-120 min) was measured and collected through the saphenous vein. 

 

Tissue Homogenization  

Gastrocnemius, soleus, EDL, liver, and heart were weighed and homogenized in 7 

volumes of homogenization buffer (in mM: 20 mM HEPES pH 7.4, 2 mM EGTA, 50 mM NaF, 

100 mM KCl, 0.2 mM EDTA, 50 mM glycerolphosphate) supplemented with 1 mM DTT, 1 mM 

benzamidine, 0.5 mM sodium vanadate, and protease (10 µl/ml of homogenization buffer) and 
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phosphatase (10 µl/ml of homogenization buffer) inhibitor cocktails while on ice. This 

homogenate was then centrifuged 3 min at 1000 g and 4°C. The supernatant was collected and 

centrifuged 30 min at 10000 g and 4°C. These samples were then used for western blotting, and 

ultra-high-pressure liquid chromatography. 

 

Western Blotting 

The Pierce BCA Protein Assay Kit (Thermo Scientific, #23225) was used to determine 

protein concentration. The KC4 plate reader software (Bio-Tek Instruments Inc., Winooski, 

Vermont, United States) was used to acquire an absorbance reading of each well at a wavelength 

of 550 nanometers. A standard curve was used to estimate the volume needed to load 40 μg of 

protein into one well of a polyacrylamide gel.	Proteins were separated on a 10% SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). They were then transferred overnight onto 0.2 

µm-pore sized polyvinylidene difluoride membranes.	Membranes were then treated with a 

ponceau S dye to check the protein was transferred. This dye was then washed off with 3 5-

minute washes of tris buffered saline with tween (TBST). Membranes were then incubated for 

one hour in 5% non-fat milk in TBST at room temperature to block non-specific antigen binding. 

Next, they were washed 3 times for 5 minutes each with TBST at room temperature and then 

incubated with the primary antibody of interest overnight at 4°C. 

 

Primary Antibody Dilution Company Purchased From Secondary Antibody 

Ph-S6K1 (Thr389) 1:1000 Cell Signaling (CST) #9234 Anti-Rabbit (CST #7074) 

Ph-S6 (Ser235/6) 1:2000 CST #4858 Anti-Rabbit (CST #7074) 

Ph-Akt (Ser473) 1:2000 CST #4060 Anti-Rabbit (CST #7074) 

Table 5.1: List of antibodies used.  
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Ph-IRS-1 (Ser612) 1:1000 CST #3203 Anti-Rabbit (CST #7074) 

g-Tubulin 1:10000 Sigma Aldrich #T6557 Anti-Mouse (CST #7076) 

BCAT2 1:1000 ProteinTech #16417-1-AP Anti-Rabbit (CST #7074) 

BCKD 1:1000 Sigma Aldrich #90198 Anti-Rabbit (CST #7074) 

Ph-BCKD (Ser293) 1:1000 Sigma Aldrich #40368 Anti-Rabbit (CST #7074) 

BDK 1:1000 Thermo Fisher #PA5-31455 Anti-Rabbit (CST #7074) 

Pp2cm 1:1000 ProteinTech #14573-1-AP Anti-Rabbit (CST #7074) 

 

	Following the overnight incubation in primary antibody, membranes were washed 3 

times for 5 minutes each with TBST and then incubated in a secondary antibody (diluted in 5% 

milk with TBST) for three hours at room temperature. Secondary antibodies, anti-rabbit (CST 

#7074) or anti-mouse (CST #7076) were diluted in 1:2000-10000. After incubation with the 

secondary antibody, membranes were washed 3 times for 5 minutes each with TBST before HRP 

chemical luminescent substrate (Millipore, #WBKLS0500) was applied to them. Bio-Rad 

ChemiDoc XRS+ was used for signal visualization and the images were quantified with Image 

Lab software (version 8; Bio-RAD, Hercules, California, United States). 		

 

Amino Acid Concentrations 

This was done as previously described (17). Homogenized muscle, liver, heart, and 

plasma samples containing free amino acids were diluted in a 1:2:1:8 ratio (sample: potassium 

phosphate buffer: 0.1 N hydrochloric acid: HPLC grade water, respectively). Diluted samples 

were pre‐column derivatized with a 1:1 ratio of sample to o‐Phthalaldehyde (29.28 mM) (Sigma 

Aldrich, #P1378). They were injected into a YMC‐Triart C18 column (C18, 1.9 μm, 



 105 

75 × 3.0 mm; YMC America, Allentown, PA, USA) fitted onto an ultra‐high‐pressure liquid 

chromatography system (Nexera X2, Shimadzu, Kyoto, Japan) that was connected to a 

fluorescence detector (Shimadzu, Kyoto, Japan; excitation: 340 nm; emission: 455 nm). Amino 

acids were eluted with a gradient solution derived from mobile phase A (20 mM potassium 

phosphate buffer (6.5 pH)) and mobile phase B (45% HPLC-grade acetonitrile, 40% HPLC-

grade methanol and 15% HPLC-grade water) at a flow rate of 0.8 ml/min. We used a gradient of 

5%–100% of mobile phase B over 21 min. Amino acid concentrations were calculated using 

amino acid standard curves and for muscle, liver, and heart were normalized to total protein of 

the respective sample. Detailed procedure is outlined in Appendix G. 

 

KIC Concentrations 

Homogenized muscle, liver, and heart samples, and plasma samples were diluted in a 

1:2:1:8 ratio (sample: potassium phosphate buffer: HPLC-grade water/homogenization buffer: 

HPLC-grade water, respectively). Diluted samples were treated with a 1:1 ratio of a 1,2-diamino-

4,5-methylenedioxybenzene (DMB) (Sigma Aldrich, #66807) solution. DMB solution was 

prepared by adding 1.6 mg of DMB to 1.0 mL of solution, which contained 4.9 mg of sodium 

sulfite, 70 µL of 2-mercaptethanol, and 58 µL of concentrated 12 M HCl in 0.87 mL of ddH2O. 

Once samples were treated with DMB, this solution was heated at 85oC for 45 minutes then 

cooled on ice for at least 5 min. They were injected into an Inertsil ODS-4 (2 μM, 100 × 2.1 mm; 

GL Sciences, Torrance, CA, USA) fitted onto an ultra‐high‐pressure liquid chromatography 

system (Nexera X2, Shimadzu, Kyoto, Japan) that was connected to a fluorescence detector 

(Shimadzu, Kyoto, Japan; excitation: 367 nm; emission: 446 nm). Mobile phases were (A) 

HPLC-grade methanol/ddH2O (30/70, v/v) and (B) HPLC-grade methanol. Gradient elution was 
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performed as follows: 0 min 0% B, 3.33 min 0%B, 5 min 50%B, 17.34 min 50%B. The flow rate 

was 0.2 mL/min, and the column temperature was maintained at 40oC. Detailed procedure is 

outlined in Appendix H. 

 

Branched Chain Ketoacid Dehydrogenase (BCKD) Assay 

We measured BCKD activity using a modified version of a previous assay (21). Frozen 

gastrocnemius, soleus, EDL, heart, or liver were crushed in liquid nitrogen and homogenized 

(Bio-Gen PRO200 Homogenizer) in 250 µL of ice-cold buffer 1 (30 mM KPI, 3 mM EDTA, 5 

mM DTT, 1 mM valine, 3% FBS, 5% Triton X-100, 1 µM leupeptin) and centrifuged at 

10000 g  for 10 minutes. Then, 50 μL of the supernatant was added to 300 μL of buffer 2 (50 

mM HEPES, 30 mM KPI, 0.4 mM CoA, 3 mM NAD+, 5% FBS, 2 mM thiamine, 2 mM 

magnesium chloride and 7.8 µM 14C-labelled valine (Perkin Elmer, #NEC291EU050UC)). This 

reaction took place in a 1.5 mL Eppendorf tube, which had a 2 M NaOH wick taped to inside 

surface of the lid. Each Eppendorf tube was capped and sealed tight using tape, before being 

placed in an incubator at 37°C for 30 min. The radiolabeled 14CO2 released from the BCKD 

reaction reacted with NaOH on the wick. The wick was counted in a liquid scintillation counter 

to measure BCKD activity. Then 50 µL of the reaction mix was counted in a liquid scintillation 

counter to measure total radioactivity. Protein levels were also measured, and BCKD activity 

measured from the wick was adjusted for the total radioactivity and protein levels of the 

respective sample. We used valine instead of leucine, as valine-derived KIV is the preferred 

substrate for BCKD (352).  Detailed procedure is outlined in Appendix F. 
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Statistical Analysis and Data Presentation 

BCKD activity data are presented as CPM of the CO2 released and bound to the wick 

corrected for total radioactivity and μg of protein of each respective sample. Proteins for western 

blots were adjusted for loading using γ‐tubulin values. Statistical analyses were performed using 

GraphPad Prism 8 software (GraphPad, Massachusetts, United States). This software also 

provided area under the curve data for the insulin tolerance test. Data are presented as 

mean ± SEM. One‐way analysis of variance (ANOVA) was used and Tukey's post‐hoc tests 

were done to measure statistically significant differences among means. Significance was 

determined as p < 0.05. 

. 
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5.4 Results: 

Plasma leucine concentrations were increased 30 (p<0.0001) and 60 min (p<0.001) post leucine 

gavage but these levels dropped by 120 min. KIC had no effect on plasma leucine concentrations 

(Fig 5.1A). Plasma KIC levels were significantly increased 30 minutes post leucine and KIC 

gavage (Fig 5.1B). Neither Leucine nor KIC gavage influenced plasma valine (Fig 5.1C), 

isoleucine (Fig 5.1D), or glutamate (Fig 5.1E) levels. Neither leucine nor KIC gavage affected 

insulin tolerance compared to control (Fig 5.2A-B), although leucine gavage did have greater 

glucose AUC than KIC (Fig 5.2B, p<0.05). 

 

Figure 5.1: Leucine gavage increases plasma leucine and KIC concentration, while KIC 
gavage increases plasma KIC concentrations   
Rats were gavaged 0.75 mL/100 g body weight, twice with water, leucine (0.170 mM), or KIC 
(0.197 mM) 10 minutes apart. Rats were euthanized at different timepoints (30-180 min), then 
HPLC was performed to measure plasma leucine (A), KIC (B), valine (C), isoleucine (D), and 
glutamate (E) concentrations. Data are means ± SEM, N=8 each group; * p<0.05, *** p<0.001, 
**** p<0.0001.  
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Figure 5.2 Neither Leucine nor KIC affects whole-body insulin tolerance. 
Rats were gavaged 0.75 mL/100 g body weight, twice with water, leucine (0.170 mM), or KIC 
(0.197 mM) 10 minutes apart. Blood glucose (basal) was taken right before insulin injection. 
Insulin was injected one hour after the first gavage, and then blood glucose was measured at 
different timepoints. These blood glucose values at each timepoint were adjusted to basal values 
of the respective rat (F). Area under the curve of the blood glucose curve was analyzed (G). Data 
are means ± SEM, N=8 each group; * p<0.05.  
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concentrations (Fig 5.3A). Thirty minutes post leucine gavage showed no increase in 
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KIC concentrations (Fig 5.3B, p<0.01). Neither leucine nor KIC gavage had an effect on 

gastrocnemius valine (Fig 5.3C) and isoleucine (Fig 5.2D) levels, but leucine gavage did 

significantly increase glutamate (Fig 5.3E, p<0.01) levels, as glutamate is produced when leucine 

is catabolized by branched chain aminotransferase 2 (BCAT2) (376).  

In vitro, we see that leucine and KIC activate the S6K1-IRS-1 signaling axis (17,107). 
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5.3F, I, p<0.0001) phosphorylation were higher 30 min post leucine gavage compared to animals 

30 min post water gavage.  KIC had no effect on S6K1 (Thr389) (Fig 5.2F-G), S6 (Ser235/6) 

(Fig 5.3F, 5.3H) and IRS-1 (Ser612) (Fig 5.3F, 5.3I) phosphorylation. Next, we looked at the 

phosphorylation of Akt, a marker of insulin signaling. Neither leucine nor KIC gavage modified 

Akt (Ser473) phosphorylation (Fig 5.3F, 5.3J). 

Next we looked at branched-chain ketoacid dehydrogenase (BCKD) activity, as reduced 

skeletal muscle BCKD activity has been implicated with insulin resistance (294). BCKD is 

phosphorylated when it is inhibited. Neither leucine nor KIC affected BCKD phosphorylation 

(Ser293) (Fig 5.3F, 5.3K), but there was a trend for significance 30 min post leucine gavage for 

BCKD activity (Fig 5.3L, p=0.08). 

 

 

 

 

gastrocnemius
Fig s2

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.05

0.10

0.15

G
lu

ta
m

at
e

(μ
m

ol
es

/μ
g 

of
 p

ro
te

in
)

✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.000

0.005

0.010

0.015

0.020

0.025

Is
ol

eu
ci

ne
(μ

m
ol

es
/μ

g 
of

 p
ro

te
in

)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.1

0.2

0.3

Va
lin

e
(μ

m
ol

es
/μ

g 
of

 p
ro

te
in

)

D)C) E)

Fig 2

A) B)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.000

0.001

0.002

0.003

0.004

0.005

K
IC

 (μ
m

ol
es

/μ
g 

of
 p

ro
te

in
) ✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.05

0.10

0.15

Le
uc

in
e

 (μ
m

ol
es

/μ
g 

of
 p

ro
te

in
) ✱✱✱

gastrocnemius



 111 

 

 

Figure 5.3: Leucine, but not KIC activates S6K1-IRS-1 signalling in the gastrocnemius. 

Rats were gavaged and euthanized as explained in Fig 5.1. HPLC was then performed to 
measure leucine (A), KIC (B), valine (C), isoleucine (D) and glutamate (E) concentrations in the 
gastrocnemius. Proteins were immunoblotted against phosphorylated (ph)-S6K1 (Thr389) (F-G), 
ph-S6 (Ser235/6) (F, H), ph-IRS-1 (Ser612) (F, I), ph-Akt (Ser473) (F, J), and ph-BCKD 
(Ser293) (F, K). BCKD activity assay was performed (L). Data are means ± SEM. N=8 each 
group; ** p<0.01, *** p<0.001, **** p<0.0001. 
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BCAA supplementation increased mTOR phosphorylation (Ser2448) in fast twitch fibers 

like in the EDL, but not in slow twitch fibers like the soleus (19). Thus, we wanted to compare 

the effect of leucine and KIC gavage on the signalling pathways analyzed above in the soleus 

and EDL.  

In the soleus, leucine levels were increased only 30 min post leucine gavage (Fig 5.4A, 

p<0.0001). We also demonstrated an increase in KIC levels only 30 min post KIC gavage (Fig 

5.4B, p<0,05). Neither leucine nor KIC gavage influenced soleus valine (Fig 5.4C), isoleucine 

(Fig 5.4D) or glutamate (Fig 5.4E) levels.  

Like the gastrocnemius, S6K1 (Thr389) (Fig 5.4F-G, p<0.001), S6 (Ser235/6) (Fig 5.4F, 

5.4H, p<0.0001) and IRS-1 (Ser612) (Fig 5.4F, 5.4I, p<0.0001) phosphorylation were 

significantly increased 30 min post leucine gavage in the soleus. KIC had no effect on S6K1 

(Thr389) (Fig 5.4F-G), S6 (Ser235/6) (Fig 5.4F, 5.4H) or IRS-1 (Ser612) (Fig 5.4F, 5.4I) 

phosphorylation. Neither leucine nor KIC modified Akt (Ser473) phosphorylation (Fig 5.4F, 

5.4J). There was no effect of KIC or leucine on the phosphorylation of BCKD (Ser293) (Fig 

5.4F, 5.4K). There was a significant increase in BCKD activity 30 min post leucine gavage 

compared to 120 min post leucine gavage (Fig 5.4L).  

  

 

B)A)

Fig 3.

soleus

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.01

0.02

0.03

Le
uc

in
e

(μ
m

ol
es

/μ
g 

of
 p

ro
te

in
)

✱✱✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0000

0.0001

0.0002

0.0003

K
IC

 (μ
m

ol
es

/μ
g 

of
 p

ro
te

in
) ✱



 113 

 

 

 

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.01

0.02

0.03
Va

lin
e

(μ
m

ol
es

/μ
g 

of
 p

ro
te

in
)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.05

0.10

0.15

G
lu

ta
m

at
e

(μ
m

ol
es

/μ
g 

of
 p

ro
te

in
)

soleus

D)C) E)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.000

0.005

0.010

0.015

Is
ol

eu
ci

ne
(μ

m
ol

es
/μ

g 
of

 p
ro

te
in

)

Fig s3

Fig 3.

180 kDa

50 kDa
ph-IRS-1 (Ser612)

g-Tubulin

75 kDa

50 kDa
ph-S6K1 (T389)

g-Tubulin
37 kDa

50 kDa

ph-S6 (S235/236)

g-Tubulin

75 kDa
50 kDa

ph-Akt (S473)

g-Tubulin

50 kDa

50 kDaph-BCKD (S293)

g-Tubulin

soleus
F) G)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.2

0.4

0.6

ph
-S

6K
1/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱✱
Fig 3.

180 kDa

50 kDa
ph-IRS-1 (Ser612)

g-Tubulin

75 kDa

50 kDa
ph-S6K1 (T389)

g-Tubulin
37 kDa

50 kDa

ph-S6 (S235/236)

g-Tubulin

75 kDa
50 kDa

ph-Akt (S473)

g-Tubulin

50 kDa

50 kDaph-BCKD (S293)

g-Tubulin

soleus
F) G)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.2

0.4

0.6

ph
-S

6K
1/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱✱

H)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.1

0.2

0.3

ph
-S

6/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.5

1.0

1.5

ph
-A

kt
/g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

J)I)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.5

1.0

1.5

ph
-IR

S-
1/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.05

0.10

0.15

0.20

0.25

BC
KD

 A
ct

iv
ity

((c
pm

/to
ta

l c
pm

)/t
ot

al
 p

ro
te

in
)

*

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.2

0.4

0.6

0.8

ph
-B

CK
D/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

K) L)

Fig 3.

180 kDa

50 kDa
ph-IRS-1 (Ser612)

g-Tubulin

75 kDa

50 kDa
ph-S6K1 (Thr389)

g-Tubulin
37 kDa

50 kDa

ph-S6 (Ser235/236)

g-Tubulin

75 kDa
50 kDa

ph-Akt (Ser473)

g-Tubulin

50 kDa

50 kDaph-BCKD (Ser293)

g-Tubulin

soleus
F) G)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.2

0.4

0.6

ph
-S

6K
1/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱✱

H)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.1

0.2

0.3

ph
-S

6/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.5

1.0

1.5

ph
-A

kt
/g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

J)I)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.5

1.0

1.5

ph
-IR

S-
1/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

✱✱✱✱

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.0

0.2

0.4

0.6

0.8

ph
-B

CK
D/
g-

Tu
bu

lin
(A

rb
itr

ar
y 

Un
its

)

K) L)

Wate
r 3

0

Leu
cin

e 3
0

Leu
cin

e 6
0

Leu
cin

e 1
20

Leu
cin

e 1
80

KIC 30

KIC 60

KIC 12
0

KIC 18
0

0.00

0.05

0.10

0.15

0.20

0.25

BC
KD

 A
ct

iv
ity

((c
pm

/to
ta

l c
pm

)/t
ot

al
 p

ro
te

in
)

✱



 114 

Figure 5.4: Leucine, but not KIC activates S6K1-IRS-1 signalling in the soleus. 
Rats were gavaged and euthanized as explained in Fig 5.1. HPLC was then performed to 
measure leucine (A), KIC (B), valine (C), isoleucine (D), and glutamate (E) concentrations in the 
soleus. Proteins were immunoblotted against ph-S6K1 (Thr389) (F-G), ph-S6 (Ser235/6) (F, H), 
ph-IRS-1 (Ser612) (F, I), ph-Akt (Ser473) (F, J), and ph-BCKD (Ser293) (F, K). BCKD activity 
assay was performed (L). Data are means ± SEM. N=8 each group; * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. 
 

 Like the gastrocnemius, in the EDL, leucine levels are increased 30 min (p<0.001), 60 

min (p<0.01) and 120 min (p<0.05) post leucine gavage (Fig 5.5A). KIC gavage increased KIC 

levels 30 min post gavage, but this dropped by 60 min (Fig 5.5B, p<0.0001). Neither leucine nor 

KIC influenced EDL valine (Fig 5.5C) levels, but reduced isoleucine (Fig 5.5D, p<0.05) levels 

60 min post leucine gavage. Leucine gavage post 60 (p<0.05) and 120 min (p<0.001) increased 

glutamate (Fig 5.5E) levels.  

 Like the gastrocnemius and soleus, S6K1 (Thr389) (Fig 5.5F-G, p<0.001), S6 (Ser235/6) 

(Fig 5.5F, 5.5H, p<0.0001) and IRS-1 (Ser612) (Fig 5.5F, 5.5I, p<0.0001) phosphorylation were 

significantly increased 30 min post leucine gavage. KIC had no effect on S6K1 (Thr389) (Fig 

5.5F-G), S6 (Ser235/6) (Fig 5.5F, 5.5H) and IRS-1 (Ser612) (Fig 5.5F, 5.5I) phosphorylation. 

Neither leucine nor KIC modified Akt (Ser473) phosphorylation (Fig 5.5F, 5.5J). There was no 

effect of leucine on the phosphorylation of BCKD (Ser293) (Fig 5.5F, 5.5K). There was also no 

effect of leucine or KIC on BCKD activity in the EDL (Fig 5.5L).  
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Figure 5.5: Leucine, but not KIC activates S6K1-IRS-1 signalling in the EDL. 
Rats were gavaged and euthanized as explained in Fig 5.1. HPLC was then performed to 
measure leucine (A), KIC (B), valine (C), isoleucine (D), and glutamate (E) concentrations in the 
EDL. Proteins were immunoblotted against ph-S6K1 (Thr389) (F-G), ph-S6 (Ser235/6) (F, H), 
ph-IRS-1 (Ser612) (F, I), ph-Akt (Ser473) (F, J), and ph-BCKD (Ser293) (F, K). BCKD activity 
assay was performed (L). Data are means ± SEM. N=8 each group; * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001. 
 

 Leucine levels in the liver were increased 30 min post leucine gavage (Fig 5.6A, 

p<0.0001). There was no effect of KIC gavage on liver leucine levels (Fig 5.6A), but this could 

be due to the low levels of BCAT2 in the liver (the enzyme responsible for the conversion of 

KIC back to leucine) (228). KIC gavage significantly increased liver KIC levels 30 minutes post 

KIC gavage (Fig 5.6B, p<0.05). There was no effect of leucine or KIC gavage on valine (Fig 

5.6C), isoleucine (Fig 5.6D) or glutamate (Fig 5.6E) levels.  

 S6 (Ser235/6) phosphorylation was increased 30 min post leucine (Fig 5.6F-G, 

p<0.0001) and KIC gavage (Fig 5.6F-G, p<0.01). There was no increase in IRS-1 (Ser612) 

phosphorylation in response to leucine or KIC (Fig 5.6F, 5.6H). There was no effect of leucine or 

KIC gavage on BCKD (Ser293) phosphorylation (Fig 5.6F, 5.6I). However, there was a 

significant increase in liver BCKD activity 30 minutes post leucine (p<0.0001) and KIC gavage 

(Fig 5.6J, p<0.01). 
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Figure 5.6: Leucine and KIC stimulate liver BCKD activity and S6 phosphorylation. 
Rats were gavaged and euthanized as explained in Fig 5.1. HPLC was then performed to 
measure leucine (A), KIC (B), valine (C), isoleucine (D), and glutamate (E) concentrations in the 
liver. Proteins were immunoblotted against ph-S6 (Ser235/6) (F-G), ph-IRS-1 (Ser612) (F, H), 
and ph-BCKD (Ser293) (F, I). BCKD activity assay was performed in the liver (J). Data are 
means ± SEM. N=8 each group; * p<0.05, ** p <0.01, **** p<0.0001. 
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 We next analyzed the effect of KIC gavage in the heart, as myocardial levels of BCAAs 

and BCKAs are also linked to cardiac insulin resistance (377). There is a strong link between 

dysregulated BCAA oxidation and contractile dysfunction in heart failure (377). Leucine levels 

were increased 30-120 min post leucine gavage (Fig 5.7A, p<0.05) in the heart. Leucine levels 

were increased 30- and 60-min post KIC gavage (Fig 5.7A, p<0.05). There was no effect of KIC 

gavage on KIC levels in the heart (Fig 5.7B). There was no effect of leucine or KIC gavage on 

valine (Fig 5.7C), isoleucine (Fig 5.7D) or glutamate (Fig 5.7E) levels. 

 In the heart, there was a ~4-fold and ~2-fold increase in ph-S6 (Ser235/6) 30 min post 

leucine and KIC gavage respectfully, but this was not significant (Fig 5.7F-G). Like in the liver, 

there was no effect of KIC or leucine on ph-IRS-1 (Ser612) (Fig 5.7F, 5.7H). Neither leucine nor 

KIC modified Akt (Ser473) phosphorylation (Fig 5.7F, 5.7I). There was no effect of KIC or 

leucine on phosphorylation of BCKD (Ser293) (Fig 5.7F, 5.7J). There was also no effect of 

leucine or KIC on BCKD activity in the heart (Fig 5.7K). 
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Figure 5.7: Leucine and KIC do not alter insulin signaling in the heart. 
Rats were gavaged and euthanized as explained in Fig 5.1. HPLC was then performed to 
measure leucine (A), KIC (B), valine (C), isoleucine (D), and glutamate (E) concentrations in the 
heart. Proteins were immunoblotted against ph-S6 (Ser235/6) (F-G), ph-IRS-1 (Ser612) (F, H), 
ph-Akt (Ser473) (F, I), and ph-BCKD (Ser293) (F, J). BCKD activity assay was performed (K). 
Data are means ± SEM. N=8 each group; * p<0.05, **** p<0.0001. 
 

 

 Next, we wanted to analyze how total protein abundance of BCAA catabolic enzymes 

compared in different muscle fibers and tissues could potentially explain the effect of leucine and 

KIC in the respective tissue/muscle fiber. Total BCKD protein abundance was greatest in the 

liver and heart (Fig 5.8A, 5.8B, p<0.01), which could explain why KIC only significantly 

phosphorylated S6 in the liver, as liver is the preferred site for KIC oxidation. Phosphorylation of 

BCKD (Ser293) was the highest in the gastrocnemius and soleus (Fig 5.8A, 5.8C), although the 

effect was not significant. BCAT2 levels were not different amongst the groups (Fig 5.8A, 

5.8D). Branched chain ketoacid dehydrogenase kinase (BDK), the negative regulator of BCKD, 

levels were significantly higher in the gastrocnemius compared to heart and liver (Fig 5.8A, 

5.8E, p<0.001). Finally, protein phosphatase 2Cm (pp2Cm), a positive regulator of BCKD, was 

greater in the liver and heart compared to the muscles, although not statistically significant (Fig 

5.8A, 5.8F).  
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Figure 5.8: Tissues/muscle fiber types have varying levels of BCAA catabolic enzyme 
abundance. 
Gastrocnemius, soleus, EDL, liver, and heart were used from rats euthanized 30 min post water 
gavage. Proteins were immunoblotted against total BCKD (A-B), ph-BCKD (Ser293) (A, C), 
BCAT2 (A, D), BDK (A, E), and pp2Cm (A, F). Data are means ± SEM. N=8 each group; ** 
p<0.01, *** p<0.001. 
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5.5 Discussion: 

From a clinical perspective it is important to identify biomarkers early that may be 

implicated in the development of a disease. Elevated levels of plasma BCAAs (13,108,218) and 

BCKAs (12,108,218) are a common feature of insulin resistance. It is important to determine 

whether this is correlational or causational. There is controversy in the literature about the role of 

BCAAs and their metabolites in the development of insulin resistance. Others have shown that 

BCAAs (especially leucine) (107,113,286) and metabolites of BCAAs (107,309) can induce 

insulin resistance in skeletal muscle.  However, mice lacking BCAT2 the enzyme responsible for 

BCAA catabolism show greater insulin sensitivity despite increased BCAA levels (214). Also 

athletes and body builders that consume BCAAs are not insulin resistant (311,312). This 

complicates the relationship between BCAAs and insulin resistance. 

The effect of individual amino acids are relevant due to the increasing prevalence of 

using single amino acids for anabolic effects (378,379) and overall health (380,381). We have 

previously shown that leucine both in vitro (107) and in vivo (18) reduced insulin sensitivity. We 

have also shown that the metabolite of leucine, KIC reduces insulin-stimulated glucose transport 

in L6 myotubes (17,107). Due to the contributions of other tissues in whole-body BCAA 

metabolism, here we examined the effect of KIC in vivo. KIC gavage had no effect on insulin 

tolerance or the S6K1-IRS-1 axis in skeletal muscle and heart but did increase S6 

phosphorylation in the liver. 

In ob/ob mice and diet-induced obesity (329), KIC concentrations have been reported to 

be ~15-20 µM. In insulin resistant obese Zucker rats, plasma KIC concentrations increased from 

~12 to ~24 µM compared to lean counterparts (382), which are lower than the peak of ~60µM 

observed in response to leucine or KIC gavage in the current study.  
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Leucine and KIC had no effect on insulin tolerance, but in our previous work leucine 

worsened insulin tolerance. This could be due to a higher concentration of leucine administered 

to the rat in our previous (18) compared to this study. Studies have also shown improved insulin 

sensitivity with leucine supplementation in vivo (20–22), showing the variability of the effect of 

leucine in vivo. Leucine and KIC at supraphysiological concentrations stimulate glucose uptake 

in soleus muscle, but the effect of leucine is greater (22). Also, supplementation with KIC 

(383,384) and leucine (385) stimulates insulin secretion in vivo, which could in turn reduce blood 

glucose levels, mitigating the effect of leucine and KIC gavage compared to the water gavage 

group. However, in past research in our lab, leucine did not stimulate insulin release (18).  

Interestingly, leucine suppresses the release of glucagon in mice fed a normal chow (386) and 

high fat diet (387). Since the rise of blood glucose in the insulin tolerance test from minute 30-

120 is likely due to a counter regulatory system like glucagon release, we also measured the area 

under the curve from basal to 60 min and saw no differences between the groups (Appendix J, 

Supplementary figure 8).  

Previous studies have shown that mTORC1 mediates the effects of BCAAs and BCKAs 

on insulin resistance (79,108,356,357,388). Activated mTORC1/S6K1 phosphorylates inhibitory 

serine residues of IRS-1 (Ser612) (358), leading to the degradation of IRS-1 (47), and thereby 

inhibiting insulin signaling downstream (10,15). Here we show that leucine phosphorylates 

S6K1 and IRS-1, 30 minutes post leucine gavage in all the muscle fibers, but this effect seems to 

be uncoupled from whole-body insulin tolerance. This shows that perhaps the S6K1-IRS-1 

signaling axis cannot solely account for reduced insulin sensitivity in BCAA supplemented 

treatments in vivo. This is emphasized with a study where one group of women consumed a 

whey-protein drink, while another group consumed a leucine drink. Like our study, the leucine 



 124 

group showed an increase in mTORC1 activation, but no change in Akt activation or leg glucose 

uptake. On the other hand, whey-protein increased mTORC1 activation and reduced leg glucose 

uptake with no change in Akt activation, suggesting that the effect of protein ingestion is not due 

to inhibition of Akt by leucine-mediated mTORC1 signaling (296). 

We also wanted to examine if the effect of leucine or KIC varied in different fiber types. 

Yamanashi et al. showed that BCAAs increased mTOR (Ser2448) phosphorylation in the EDL, 

but not the soleus. The soleus is a more oxidative muscle, which has more mitochondria than fast 

twitch muscles like the EDL (389). Since BCKD is a mitochondrial protein, we expect higher 

BCKD activity in the soleus. However, since BCKD activity assays for each fiber were not 

carried out together, we cannot confirm the BCKD activity is higher in the soleus than the EDL. 

However, in response to leucine there was ~43% increase in BCKD activity in the soleus and a 

~22% increase in the EDL (neither statistically significant). This would result in greater 

catabolism of leucine/KIC and less activation of the S6K1/IRS-1 signaling axis in the soleus 

compared to the EDL. Despite this, we showed that leucine significantly increased IRS-1, S6K1 

and S6 phosphorylation in all muscle fibers. There is greater phosphorylation of BCKD in the 

soleus and gastrocnemius compared to the EDL (Fig 5.8), but this could be attributed to slightly 

more total BCKD.  

KIC is not activating the S6K1-IRS-1 signaling axis as seen in vitro (17,107). In our 

previous in vitro studies we show that KIC is converted back to leucine to elicit its effects on 

glucose transport and insulin signaling (17,107). Little is known about the absorption of BCKAs 

by the gut, and how BCKAs are transported into tissues. BCKAs may be transported by non-

specific monocarboxylate transporters (390). One study showed that the rate of absorption for 

BCKAs are lesser than BCAAs in the rat intestines (391). Here we show that KIC gavage does 
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not result in an increase in leucine levels in the gastrocnemius (Fig 5.3A), soleus (Fig 5.4A) or 

EDL (Fig 5.5A). Thus, one could speculate that since KIC is largely catabolized in the liver 

(241), where BCKD, the enzyme responsible for KIC oxidation is most active (241), KIC is 

oxidized by the liver during its first pass, and does not largely go to the muscle from the liver, 

whereas for leucine since BCAT2 is low in the liver (228), it would be transported to the muscle 

to be oxidized. We support this notion, as there is an increase in KIC concentrations in the liver 

30 minutes post KIC supplementation. The signaling data supports this as well, as KIC increases 

phosphorylation of S6 (Ser235/6) in the liver (Fig 5.6G), but not in skeletal muscle. This is 

consistent with an increase in liver BCKD activity, as KIC has been shown to activate BCKD 

(280). Also, higher levels of BCKD, and pp2Cm, with lower BDK and phosphorylated BCKD 

(Ser293) in the liver compared to all three muscle fibers further support the notion of that KIC is 

largely oxidized in the liver. Delivering KIC intravenously to reduce its first pass extraction by 

the liver would be a better approach in measuring the effect of KIC on skeletal muscle, however 

the preferred way of delivering nutrients is orally. 

As discussed above, changes in BCAA metabolism and its levels can affect heart function 

and cardiac insulin sensitivity (377). One study demonstrated major increases in serine 

phosphorylation of IRS-1 in the hearts of hypertensive rats compared to controls (392). We also 

demonstrate a trend for increased S6 (Ser235/6) phosphorylation in the heart, but this did not 

translate to increases in phosphorylation of IRS-1 (Ser612). We did not see increases in IRS-1 

phosphorylation like in skeletal muscle, and this is likely due to the fact leucine primarily goes to 

the muscle to be catabolized, as BCAA transamination largely happens in the skeletal muscle 

(65% in muscle of rats) (228). 
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The chronic supplementation of BCAAs and BCKAs are a more real-life applicable 

approach to studying the effect of BCAAs/BCKAs on insulin sensitivity. It is important to study 

the acute effects of BCAAs and BCKAs to understand potential mechanisms at work. It is 

important to ascertain how this study fits with chronic studies. Studies show that chronic leucine 

supplementation had no effect on insulin sensitivity in mice fed a standard chow diet (20) and 

protected against high fat diet induced insulin resistance by increasing fatty acid oxidation 

(20,21,299,300), which is consistent with the lack of effect of leucine on insulin tolerance and 

Akt (Ser473) phosphorylation in our study.  

Dietary restriction of BCAAs improves insulin sensitivity in rodent models (290,292–

294). As discussed above, the effect of whey ingestion reduces leg glucose uptake while leucine 

does not (296). Thus, in recent years studies have focused on valine and isoleucine and their 

effects on insulin resistance. Valine supplementation worsened the obesogenic effects and insulin 

sensitivity of a high fat diet, while leucine protected against it (301). This correlated with 

increased valine induced BCKD inhibition (301), while we show a trend for increased BCKD 

activation 30 min post leucine supplementation in various muscle fibers and tissues. Another 

study also shows that valine restriction in lean animals improves insulin sensitivity (303). This 

suggests that valine specific effects on BCKD activity may be the culprit behind altered insulin 

sensitivity, as dysregulations of BCAA catabolic enzymes are implicated in insulin resistant 

states (13,23,24,302). Also since the metabolite of valine 3-HIB induces insulin resistance 

(12,308–310), more recent studies have focused on the effect of valine instead of leucine on 

insulin resistance. 

Isoleucine restriction results in improved insulin sensitivity in normal chow fed mice 

(303). Reintroducing isoleucine attenuates the metabolic improvements of a low amino acid diet. 
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This is supported by a study that shows that isoleucine supplementation in mice fed a high fat 

diet show increased insulin resistance, along with increased intramuscular lipid droplet 

accumulation and mitochondrial dysfunction (304). This shows how the adverse effects of 

BCAAs may be mediated by isoleucine and valine, and not leucine, and our work agrees with 

this notion.  

One limitation of this study was the difficulty in obtaining blots for insulin signaling in 

the adipose tissue, as adipose tissue is a contributor to BCAA catabolism (393), and KIC gavage 

could be affecting insulin signaling in adipose tissue. However, BCKD activity is low in the 

adipose tissue (241), so it is likely that KIC did not affect insulin signaling in adipose tissue like 

in skeletal muscle. Another limitation was not obtaining a blot for ph-S6K1 (Thr389) in the liver 

and heart, however, targets of S6K1, S6 (Ser235/6) and IRS-1 (Ser612) can compensate for this. 

Finally, not being able to get ph-Akt (Ser473) in the liver was a limitation as well.  

Only male rats were studied. We did not use female rats as fluctuating hormone levels 

might make data harder to interpret and results more variable, but including female rats in future 

studies is required. It is important to study female rats in regards to KIC gavage, as higher BDK 

activity is seen in female rats (42), which may lead to reduced oxidation of leucine/KIC. This 

will result in increased leucine/KIC levels in plasma/tissue and thus potentially a greater 

suppressive effect of leucine/KIC in female rats compared to male rats. 

The data show a significant increase in leucine and KIC levels 30 minutes post gavage in 

plasma and tissues. Also, we see a significant effect of leucine on S6K1, S6 and IRS-1 

phosphorylation from leucine gavage in numerous tissues, suggesting an appropriate number of 

animals were used. None of the figures show a trend for significance for any parameters as well. 

Power calculations were not done before the start of this study, but using previous research 
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comparing effect of leucine and water gavage on blood glucose levels post insulin injection 

(means of ~0.7±0.1 vs ~0.48, power = 80%, and alpha value at 0.05) (18), we calculated that a 

sample size of 3 rats in each group is enough for significant differences. Here we used 8 animals 

per group, confirming an appropriate number of animals used. 

In conclusion, we demonstrate that KIC gavage has no effect on insulin tolerance or the 

S6K1-IRS-1 signalling axis in muscle and heart. Additionally, despite the activation of the 

S6K1-IRS-1 signalling axis in skeletal muscle and liver from leucine gavage, there was no effect 

on insulin tolerance or Akt phosphorylation in any of the different muscle fiber types. 

Collectively, our data suggest that leucine affects S6K1-IRS-1 signaling in various tissues, but 

this is uncoupled from the lack of effect of leucine on insulin tolerance, suggesting that increased 

levels of plasma BCAAs are a product of insulin resistance and not causative. We also show that 

KIC does not affect skeletal muscle insulin signaling, but does in the liver, prompting future 

studies on its effects in the liver specifically.  
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6.1 Abstract 
Increased plasma levels of branched-chain amino acid levels have been implicated in 

insulin resistance. Insulin resistance worsens with age. Despite this, plasma branched-chain 
amino acids (BCAAs) levels are downregulated in old men (>75 years). This complicates the 
link between increased plasma BCAAs and insulin resistance. No studies have examined the 
effect of aging on BCAA metabolism. Few studies have also looked at sex differences regarding 
BCAA catabolism. Thus, we wanted to assess the effect of aging and sex on BCAA levels and 
enzyme activity/abundance responsible for their metabolism. 

Male and female young (4-month), and old (18-months) CD2F1 mice were used. BCAA 
levels in plasma, muscle, liver, adipose tissue, and heart were analyzed. Protein levels of BCAA 
metabolic enzymes, amino acid transporter LAT1 and mitochondrial marker SDHA, and the 
activity of branched-chain ketoacid dehydrogenase (BCKD) were analyzed in muscle, liver, 
adipose tissue, and heart.  

Old male mice exhibit greater plasma BCAA concentrations compared to young male 
counterparts and old female counterparts. There is lower plasma branched chain ketoacid 
(BCKA) levels in aged mice regardless of sex. Old mice regardless of sex show lower BCAA 
concentrations compared to younger counterparts in muscle and heart. There is a trend for lower 
total BCAAs in aging in the liver. In adipose tissue, BCKA concentrations are increased with 
aging. LAT1 was lower in old female mice compared to young female mice in skeletal muscle. 
There was also a sex effect of LAT1 in liver, as female mice had higher levels than male mice 
regardless of age. Total BCKD protein abundance was also lower in old female mice compared 
to old male mice in liver. There was also an effect of aging on pp2Cm levels in the liver, as old 
mice had lower levels compared to young counterparts.  

Our data showed an increase in plasma BCAAs in old male mice, with lower 
intramuscular and heart BCAAs in old age. The was also a trend for lower liver BCAA levels in 
old age. Only few BCAA catabolic enzymes in each tissue were affected by aging or sex 
differences, which was consistent with minor differences in BCKD activity, but this was not 
significant. This suggests that protein levels of BCAA catabolic enzymes are preserved in aging 
in healthy animals and is potentially only dysregulated in disease states. 
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6.2 Introduction 
 

Branched-chain amino acids (BCAAs; leucine, valine, isoleucine) are essential amino 

acids required in a human diet. BCAAs stimulate muscle protein synthesis, and regulate body 

weight and glucose homeostasis (10). BCAAs are catabolized by branched-chain 

aminotransferase 2 (BCAT2) predominantly in skeletal muscle, producing BCAA metabolites, 

branched-chain a-ketoacids (BCKAs; alpha-ketoisocaproic acid (KIC), alpha-keto-beta 

methylvaleric acid (KMV), and alpha-ketoisovaleric acid (KIV)). These BCKAs are 

predominantly catabolized in the liver as the enzyme responsible for BCKA catabolism, 

branched-chain ketoacid dehydrogenase (BCKD) is mostly abundant and active in the liver 

(241). 

Despite these benefits, circulating levels of BCAAs are altered in various diseases. In 

chronic renal failure (236,394) and liver cirrhosis (395,396), there is a reduction in plasma 

BCAA levels, while in maple syrup urine disease (397,398), and insulin resistant states like 

obesity and type 2 diabetes mellitus (T2DM), plasma levels are elevated (11–13).  

In patients with chronic renal failure there is an increase in BCKD complex abundance 

(27) and BCAA oxidation (28) in skeletal muscle, which could contribute to reduced BCAA 

muscle and plasma levels. In liver cirrhosis, decreased BCAA plasma levels may be a product of  

increased BCKD complex activity (29). In insulin resistant states, the abundance and activity of 

BCAA catabolic enzymes are altered. BCAT2 and BCKDHb mRNA levels are significantly 

decreased in diabetic patients, which could explain the increase in BCAA levels (23). Lian et al. 

also showed that mice with T2DM or obesity had lower BCKD activity than in control mice 

(24). Numerous studies have examined how targeting BCAA catabolism can potentially improve 

insulin sensitivity (23,24,326,327), emphasizing the link between the two pathways. 
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Additionally, BCAAs and their metabolites have been shown to be causative 

(17,21,107,113,114) in inducing insulin resistance.  

BCAAs and their metabolism implicated in diseases stated above all have age as an 

important risk factor (34–37). However, there are no studies that have investigated BCAAs and 

their metabolism in aging. Old men exhibit significantly lower circulating BCAA levels (38,39). 

This is interesting, as insulin resistance is more prevalent in older individuals (41), and BCAAs 

are upregulated in insulin resistance (12,13), complicating the link between the two. Amino acid 

concentrations and protein intake are reduced with aging, which could play a factor, but the 

activity and the abundance of enzymes involved in BCAA metabolism could play a role in these 

BCAA levels and ultimately the worsening of insulin sensitivity with age.  

Additionally, most studies use male rodents to assess BCAA catabolism, but 

interestingly, sex hormone estrogen inhibits the BCKD complex by activating BCKD kinase 

(BDK), a negative regulator of BCKD, decreasing BCAA catabolism (42,43). Previous studies 

have shown higher plasma BCAA concentrations in males compared to females (266). Also, 

males have greater leucine oxidation compared to women following endurance exercise (44). 

However, very little work has been done examining the effect of sex on BCAA levels and BCAA 

catabolic enzyme activity and abundance in relevant tissues. Thus, since BCAAs are implicated 

in many disease states, and aging is a risk factor of many diseases, we will analyze how aging 

affects BCAA levels and enzymes related to their metabolism in various tissues in both sexes.  
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6.3 Materials and Methods 

Ethics Statement:  

All animal experiments were approved by the York University Animal Care Committee 

in accordance with the recommendations of the Canadian Council on Animal Care. 

 

Animals:  

Fifteen male and 15 female 8-week-old CD2F1 mice were purchased from Charles River 

(Senneville, Quebec, Canada) and Envigo Laboratories (Haslett, Michigan, United States). Mice 

were acclimatized and housed in the vivarium with free access to food and water. Tissues and 

plasma samples were used from animals following a previous study (399). One set of male and 

female mice (old) were aged till 16.5 months (n=8 for each). Another set of male and female 

mice (young) were aged until 10-weeks-old (n=7 for each). For females, because they were 

cycling, estrous tracking occurred 1-week prior to treatment to ensure that female mice were in 

the same stage of their estrous cycle. Both young and old, male, and female vehicle mice were 

injected with vehicle (10% DMSO in saline) for 6 weeks. Animal body weight and food 

consumption were recorded daily. At the end of the study (4 months for young and 18 months for 

old) animals were euthanized via cervical dislocation. Following sacrifice, plasma, skeletal 

muscle, adipose tissue, liver, and heart were collected. Tibialis anterior was used as muscle of 

choice as it contains both type I and type II fibers. 

 

Insulin Tolerance Test 

Following a 6 h food deprivation, glucose readings (basal glucose) and blood was 

collected through the saphenous vein. Then an intraperitoneal insulin (Humulin R, 
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DIN#00586714, short acting insulin) injection was administered (0.75 U/kg body weight). Like 

basal glucose readings, blood glucose post insulin (5-120 min) was measured and collected 

through the saphenous vein. 

 

BCKD Activity Assay:  

We measured BCKD activity using a modified version of a previous assay (21). About 

~30 mg of frozen tibialis anterior muscle, adipose tissue, liver, or heart were crushed in liquid 

nitrogen and homogenized (Bio-Gen PRO200 Homogenizer) in 250 µL of ice-cold buffer 1 (30 

mM KPI, 3 mM EDTA, 5 mM DTT, 1 mM valine, 3% FBS, 5% Triton X-100, 1 µM leupeptin) 

and centrifuged at 10000g for 10 minutes. Then, 50 µL of the supernatant was added to 300 µL 

of buffer 2 (50 mM HEPES, 30 mM KPI, 0.4 mM CoA, 3 mM NAD+, 5% FBS, 2 mM thiamine, 

2 mM magnesium chloride and 7.8 µM 14C-labelled valine (#ARC0678, American Radiolabeled 

Chemicals (St. Louis, Missouri, United States of America)). This reaction took place in a 1.5 mL 

Eppendorf tube, which had a 2 M NaOH wick taped to inside surface of the lid. Each Eppendorf 

tube was capped and sealed tight using tape, before being placed in an incubator at 37°C for 30 

min. The radiolabeled 14CO2 released from the BCKD reaction reacted with NaOH on the wick. 

The wick was counted in a liquid scintillation counter to measure BCKD activity. Then 50 µL of 

the reaction mix was counted in a liquid scintillation counter to measure total radioactivity. 

Protein levels were also measured, and BCKD activity measured from the wick was adjusted for 

the total radioactivity and protein levels of the respective sample. We used valine instead of 

leucine, as valine-derived KIV is the preferred substrate for BCKD (352).  Detailed procedure is 

outlined in Appendix F. 
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Tissue Homogenization  

Tibialis anterior, liver, adipose tissue and heart weighed and homogenized in 7 volumes 

of homogenization buffer (in mM: 20 mM HEPES pH 7.4, 2 mM EGTA, 50 mM NaF, 100 mM 

KCl, 0.2 mM EDTA, 50 mM glycerolphosphate) supplemented with 1 mM DTT, 1 mM 

benzamidine, 0.5 mM sodium vanadate, and protease (10 µl/ml of homogenization buffer 

(#P8430, Sigma Aldrich (Oakville, Ontario, Canada)) and phosphatase (10 µl/ml of 

homogenization buffer (#P5726, Sigma Aldrich)) inhibitor cocktails while on ice. This 

homogenate was then centrifuged 3 min at 1000 g and 4°C. The supernatant was collected and 

centrifuged 30 min at 10000 g and 4°C. These samples were then used for western blotting, and 

ultra-high-pressure liquid chromatography. 

 

Western Blotting 

The Pierce BCA Protein Assay Kit (Thermo Scientific, #23225) was used to determine 

protein concentration. The KC4 plate reader software (Bio-Tek Instruments Inc., Winooski, 

Vermont, United States) determined the absorbance reading of each well at a wavelength of 550 

nanometers. A standard curve was then used to estimate the volume needed to load 40 μg of 

protein into one well of a polyacrylamide gel.	Proteins were separated on a 10% SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). The gel was then transferred overnight onto a 

0.2 µm-pore sized polyvinylidene difluoride membranes.	Membranes were incubated with a 

ponceau S dye to check the protein was transferred. Membranes with ponceau were imaged with 

BioRAD ChemiDoc XRS+ and quantified with Image Lab software (version 8, Bio-RAD, 

California, United States) as a loading control. Next, the dye was washed off with 3 5-minute 

washes of Tris Buffered Saline with Tween (TBST). Membranes were then incubated for one 
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hour in 5% non-fat milk in TBST at room temperature to block non-specific antigen binding. 

After, they were then rinsed 3 times for 5 minutes each with TBST at room temperature and then 

incubated with the primary antibody of interest (Table 6.1) overnight at 4°C. 

 

Primary Antibody Dilution Company Purchased From Secondary Antibody 

BCAT2 1:1000 ProteinTech #16417-1-AP Anti-rabbit (CST #7074) 

BCKD 1:1000 Cell Signaling (CST) #90198 Anti-rabbit (CST #7074) 

Ph-BCKD (Ser293) 1:1000 CST #40368 Anti-rabbit (CST #7074) 

BDK 1:1000 Thermo Fisher #PA5-31455 Anti-rabbit (CST #7074) 

Pp2cm 1:1000 ProteinTech #14573-1-AP Anti-rabbit (CST #7074) 

LAT1 1:500 Invitrogen #PA5-50485 Anti-rabbit (CST #7074) 

SDHA 1:1000 CST #11998 Anti-rabbit (CST #7074) 

 

	Following the overnight incubation in primary antibody, membranes were rinsed 3 times 

for 5 minutes each with TBST and then incubated in a secondary antibody (diluted in 5% milk 

with TBST) for three hours at room temperature. Secondary antibody, anti-rabbit (CST #7074) 

was diluted in 1:2000-10000. After incubation with the secondary antibody, membranes were 

washed 3 times for 5 minutes each with TBST before HRP chemical luminescent substrate 

(Sigma Aldrich, #WBKLS0500) was applied to them. BioRAD ChemiDoc XRS+ was used for 

signal visualization and the images were quantified with Image Lab software (version 8).	 

 

 

 

Table 6.1: List of primary antibodies. 
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Amino Acid Concentrations 

This was done as previously described (17). Tissue was homogenized as described above, 

and supernatant containing free amino acids were diluted in a 1:2:1:8 ratio (sample: potassium 

phosphate buffer: 0.1 N hydrochloric acid: HPLC grade water, respectively). Diluted samples 

were pre‐column derivatized with a 1:1 ratio of sample to o‐Phthalaldehyde (29.28 mM) (Sigma 

Aldrich, #P1378). They were injected into a YMC‐Triart C18 column (C18, 1.9 μm, 

75 × 3.0 mm; YMC America, Allentown, PA, USA) fitted onto an ultra‐high‐pressure liquid 

chromatography system (Nexera X2, Shimadzu, Kyoto, Japan) that was connected to a 

fluorescence detector (Shimadzu, Kyoto, Japan; excitation: 340 nm; emission: 455 nm). Amino 

acids were eluted with a gradient solution derived from mobile phase A (20 mM potassium 

phosphate buffer (6.5 pH)) and mobile phase B (45% HPLC-grade acetonitrile, 40% HPLC-

grade methanol and 15% HPLC-grade water) at a flow rate of 0.8 ml/min. We used a gradient of 

5%–100% of mobile phase B over 21 min. Amino acid concentrations were calculated using 

amino acid standard (Sigma Aldrich, #AAS18) curves and for muscle, liver, adipose tissue, and 

heart were normalized to total protein of the respective sample. Detailed procedure is outlined in 

Appendix G. 

 

BCKA Concentrations 

Homogenized muscle, liver, adipose tissue and heart samples, and plasma samples were diluted 

in a 1:2:1:8 ratio (sample: potassium phosphate buffer: HPLC-grade water/homogenization 

buffer: HPLC-grade water, respectively). Diluted samples were treated with a 1:1 ratio of a 1,2-

diamino-4,5-methylenedioxybenzene (DMB) (Sigma Aldrich, #66807) solution. DMB solution 

was prepared by adding 1.6 mg of DMB to 1.0 mL of solution, which contained 4.9 mg of 
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sodium sulfite, 70 µL of 2-mercaptethanol, and 58 µL of concentrated 12 M HCl in 0.87 mL of 

ddH2O. Once samples were treated with DMB, this solution was heated at 85oC for 45 minutes 

then cooled on ice for at least 5 min. They were injected into an Inertsil ODS-4 (2 μM, 

100 × 2.1 mm; GL Sciences, Torrance, CA, USA) fitted onto an ultra‐high‐pressure liquid 

chromatography system (Nexera X2, Shimadzu, Kyoto, Japan) that was connected to a 

fluorescence detector (Shimadzu, Kyoto, Japan; excitation: 367 nm; emission: 446 nm). Mobile 

phases were (A) HPLC-grade methanol/ddH2O (30/70, v/v) and (B) HPLC-grade methanol. 

Gradient elution was performed as follows: 0 min 0% B, 3.33 min 0%B, 5 min 50%B, 17.34 min 

50%B. The flow rate was 0.2 mL/min, and the column temperature was maintained at 40oC. 

Detailed procedure is outlined in Appendix H. 

 

Statistical Analysis and Data Presentation 

All immunoblot analyses were quantified and adjusted to their corresponding ponceau 

stains, opposed to g-tubulin in the previous chapters, as microtubules comprising of tubulin 

proteins are reduced in aging (400). Phosphorylated BCKD was expressed relative to total 

BCKD in each tissue. BCKD activity data are presented as CPM of the CO2 released and bound 

to the wick corrected for total radioactivity and μg of protein of each respective sample. All 

graphs were drawn using Graph pad prism version 8. Prism software also provided ara under the 

curve data for the insulin tolerance test. Data are presented as mean ± SEM. Two-way analysis of 

variance (ANOVA) was used and Tukey's post‐hoc tests were done to measure statistically 

significant differences among means. Significance was determined as p < 0.05. Statistical 

analyses were performed using GraphPad Prism 8 software (GraphPad, Massachusetts, United 

States). 
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6.4 Results 

There was no sex or aging effect on plasma BCAA (Fig 6.1A-D) or glutamate levels (Fig 

6.1E). Old male mice had greater total plasma BCAAs compared to young male mice and old 

female mice (Fig 6.1A, p<0.05). Plasma leucine (Fig 6.1B, p<0.01), isoleucine (Fig 6.1C, 

p<0.05) and valine (Fig 6.1D, p<0.05) levels were higher in old male mice compared to old 

female mice. Plasma isoleucine (Fig 6.1C, p<0.05) levels and a trend in plasma valine (Fig 6.1D, 

p=0.0705) levels were greater in old male mice compared to young male counterparts. Glutamate 

is produced in the first step of BCAA oxidation (223). There was no difference in plasma 

glutamate in old male mice compared to young male mice and old female mice (Fig 6.1E).  

In female mice, aging reduced total BCKAs (Fig 6.1F, p<0.001), while there was a trend 

for reduced total BCKAs in aging for male mice (p=0.0899). Young female mice showed a trend 

for higher plasma BCKAs compared to young male mice (Fig 6.1F, p=0.1060). Plasma KIV 

levels were reduced in old female mice compared to young female mice (Fig 6.1G, p<0.01). 

Plasma KIC levels were lower in older mice compared to young mice, but this was not 

significant (Fig 6.1H). Plasma KMV levels were lower in old males compared to young males 

(Fig 6.1I, p<0.01), and in old females compared to young females (Fig 6.1I, p<0.0001). There 

was an effect of aging in plasma serine and alanine levels. Old male mice had greater plasma 

serine (Fig 6.1J, p<0.01), arginine (Fig 6.1K, p<0.05), and alanine (Fig 6.1L, p<0.0001) 

compared to young male mice. Old male mice also had greater plasma serine (Fig 6.1J, p<0.01), 

and alanine (Fig 6.1L, p<0.001) compared to old female mice. Old female mice had greater 

plasma serine (Fig 6.1J, p<0.05 and alanine (Fig 6.1L, p<0.01) levels compared to young 

females. There were no sex or aging effect in plasma phenylalanine levels (Fig 6.1M). Since 

insulin resistance is commonly linked to increased plasma BCAA and BCKA levels (11–
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13,221,222), we next looked at the effect of aging and sex on insulin tolerance. Old males and 

females had worsened insulin tolerance 120 min post insulin injection compared to young 

counterparts (Fig 6.1N, p<0.05), but there was no sex or aging effect on area under the curve of 

the insulin tolerance test (Fig 6.1O). 
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 Figure 6.1: Aging affects total BCKA levels, but old male mice exhibit higher plasma 
BCAA levels. 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. HPLC was performed to measure plasma total BCAA (A), leucine (B), 
isoleucine (C), valine (D), glutamate (E), total BCKA (F), KIV (G), KIC (H), KMV (I), serine 
(J), arginine (K), alanine (L), and phenylalanine (M) concentrations. Blood glucose (basal) was 
taken right before insulin injection. Insulin was injected and then blood glucose was measured at 
different timepoints (N). Area under the curve of the blood glucose curve was analyzed (O).  
Data are means ± SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. # p<0.05, young 
female vs old female. ^ p<0.05, young male vs old male.   
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Skeletal muscle plays the biggest role in whole-body BCAA oxidation (228). There was a 

reduced trend or significant effect of aging in intramuscular BCAA levels (Fig 6.2A-D). 

However, there was no sex effect. There was no effect of aging or sex on BCKA levels (Fig 

6.2F-I). Total BCAAs in skeletal muscle of old male mice were reduced compared to young 

male mice (Fig 6.2A, p<0.05), and a trend for reduced total BCAAs in old female mice 

compared to young female mice (Fig 6.2A, p=0.0873). Intramuscular leucine levels in old male 

mice were reduced compared to young male mice (Fig 6.2B, p<0.05), and a trend for reduced 

intramuscular leucine levels in old female mice compared to young female mice (Fig 6.2B, 

p=0.0961). Old male (Fig 6.2C, p=0.0852), and female mice (Fig 6.2C, p=0.0704) had a trend 

for reduced intramuscular isoleucine levels compared to young sex-matched counterparts. 

Intramuscular valine was reduced in old male mice compared to young male mice (Fig 6.2D, 

p<0.01). There was a trend for reduced glutamate in old female mice compared to young female 

mice (Fig 6.2E, p=0.0939).  

There was no difference in BCKA levels across the groups (Fig 6.2F). Intramuscular KIV 

levels were higher in old female mice compared to old male mice (Fig 6.2G, p<0.05) and a trend 

for increased intramuscular KIV levels in old female mice compared to young females (Fig 6.2G, 

p=0.0638). However, there were no sex or aging effect in intramuscular KIC (Fig 6.2H) or KMV 

(Fig 6.2I) content. There were no sex or aging effect in intramuscular serine (Fig 6.2J), arginine 

(Fig 6.2K), alanine (Fig 6.2L), or phenylalanine (Fig 6.2M) levels.  
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Figure 6.2: BCAAs decline with aging and BCKAs are higher in old females. 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. HPLC was then performed to measure intramuscular total BCAA (A), 
leucine (B), isoleucine (C), valine (D), glutamate (E), total BCKA (F), KIV (G), KIC (H), KMV 
(I), serine (J), arginine (K), alanine (L), and phenylalanine (M) concentrations. Data are means ± 
SEM. * p<0.05, ** p<0.01. 
 
 

 

Changes in plasma and intramuscular BCAA levels could be attributed to changes in 

BCAA transporters like L-type amino acid transporter (LAT1). LAT1 protein levels were 

reduced in old female mice compared to young female mice (Fig 6.3A-B, p<0.01). There was no 

effect of sex or aging in protein abundance for total BCKD (Fig 6.3A, 6.3C), phosphorylated 

BCKD (Ser293) (Fig 6.3A, 6.3D), BCAT2 (Fig 6.3A, 6.3E), branched chain ketoacid 

dehydrogenase kinase (BDK) (Fig 6.3A, 6.3F), a negative regulator of BCKD, and protein 

phosphatase 2Cm (pp2Cm), a positive regulator of BCKD (Fig 6.3A, 6.3G) in skeletal muscle. A 

lack of difference in BCAA catabolic enzymes could be in part due to differences in 

mitochondrial levels, as many characteristics of mitochondrial health is reduced with aging 

(271), and these catabolic enzymes are mitochondrial proteins. Thus, we looked at succinate 

dehydrogenase (SDHA), a mitochondrial complex protein, but there was no effect of aging or 

sex in SDHA protein levels in skeletal muscle (Fig 6.3A, 6.3H). There was no effect of sex or 

aging on BCKD activity, but male mice did have a ~35% greater BCKD activity than female 

mice regardless of age, and old mice had ~30% reduced BCKD activity compared to young mice 

regardless of sex (Fig 6.3I), although not significant. Since reduced skeletal muscle mass (401) is 

associated with reduced serum BCAAs, we analyzed tibialis anterior weight. We demonstrated 

an aging effect on tibialis anterior weight. Tibialis anterior weight of old males (p<0.0001) and 



 146 

old females (p<0.05) were reduced compared to younger counterparts (Fig 6.3J). Young female 

mice tibialis anterior weight was lower compared to young male mice (Fig 6.3J, p<0.05).  
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Figure 6.3: BCAA catabolic enzymes in skeletal muscle are not different in aging or sex. 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. Proteins were immunoblotted against LAT1 (A-B), BCKD (A, C), 
phosphorylated (ph)-BCKD (Ser293) (A, D), BCAT2 (A, E), BDK (A, F), pp2Cm (A, G), and 
SDHA (A, H). BCKD activity assay was performed (I). Weight of the tibialis anterior was 
measured (J), corrected for body weight. Data are means ± SEM. * p<0.05, ** p<0.01, **** 
p<0.0001. 
 

The liver is an important tissue to investigate in regard to BCAA catabolism as BCKAs 

are predominantly catabolized by the liver, where BCKD activity is highest (241). There was a 

trend for an aging effect in total BCAAs (Fig 6.4A), but no effect of sex on any BCAA levels in 

the liver (Fig 6.4A-D). Old male mice showed reduced total BCAAs in the liver compared to 

young males (Fig 6.4A, p<0.05), while old female mice showed a trend for reduced total BCAAs 

compared to young females (Fig 6.4A, p=0.0909). Liver leucine showed a trend for reduced 

levels in old female mice compared to young female mice (Fig 6.4B, p=0.0674). There was no 

effect of sex or aging on liver isoleucine levels (Fig 6.4C). Liver valine levels were reduced in 

old male mice compared to young male mice (Fig 6.4D, p<0.05). There was no effect of sex or 

aging on liver glutamate levels (Fig 6.4E). 

In liver, total BCKAs were higher in old female mice compared to young females (Fig 

6.4F, p<0.05) and a trend for higher total BCKAs compared to old males (Fig 6.4F, p=0.0513). 

Old female mice had greater KIV levels than old male mice (Fig 6.4G, p<0.05). Liver KIC had 

no differences amongst the groups (Fig 6.4H). Old female mice had greater KMV levels 

compared to young female mice and old male mice (Fig 6.4I, p<0.01). There were no changes in 

liver serine (Fig 6.4J) or arginine (Fig 6.4K) levels. Liver alanine levels were reduced in old 

male mice compared to young male mice (Fig 6.4L, p<0.01). Liver phenylalanine levels were 

reduced in old male mice and old female mice compared to young male and young female mice 

respectively (Fig 6.4M, p<0.05). 
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Figure 6.4: Total BCAAs are lower in old male mice and total BCKA levels are higher in 
old female mice 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. HPLC was then performed to measure total BCAA (A), leucine (B), 
isoleucine (C), valine (D), glutamate (E), total BCKA (F), KIV (G), KIC (H), KMV (I), serine 
(J), arginine (K), alanine (L), and phenylalanine (M) concentrations. Data are means ± SEM. * 
p<0.05, ** p<0.01. 

 

There was an effect of sex on LAT1 protein abundance, as female mice had greater LAT1 

protein abundance compared to male age-matched counterparts (Fig 6.5A-B, p<0.05). There was 

no effect of sex or aging on BCAA catabolic enzymes. Female old mice also had reduced total 

BCKD levels compared to old male mice (Fig 6.5A, 6.5C, p<0.05). There was no effect of sex or 

aging on the phosphorylation of BCKD (Ser293) (Fig 6.5A, 6.5D) or BDK protein abundance 

(Fig 6.5A, 6.5E). There was an effect of aging in pp2Cm levels, as young mice had greater 

pp2Cm protein levels compared to sex-matched old mice (Fig 6.5A, 6.4F, p<0.05). There was no 

effect of sex or aging on SDHA protein levels (Fig 6.5A, 6.5G). There was no effect of sex or 

aging on BCKD activity (Fig 6.5H), but male mice did have ~20% greater BCKD activity than 

female mice regardless of age, and old mice had ~23% reduced BCKD activity regardless of sex. 

Liver weight of old males was reduced compared to young males (Fig 6.5I, p<0.05).  
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Figure 6.5: LAT1 is higher in females, and pp2Cm is lower in aging in the liver 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. Proteins were immunoblotted against LAT1 (A-B), BCKD (A, C) ph-BCKD 
(Ser293) (A, D), BDK (A, E),  pp2Cm (A, F), and SDHA (A, G). BCKD activity assay was 
performed (H). Weight of the liver was measured (I), corrected for body weight. Data are means 
± SEM. * p<0.05, ** p<0.01. 
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Adipose tissue is another site of BCAA catabolism (393). There was no effect of sex or 

aging on adipose tissue total BCAAs (Fig 6.6A), any of the individual BCAAs (Fig 6.6B-D), or 

glutamate levels (Fig 6.6E). There was a trend for an aging effect in BCKA levels, as old male 

mice had greater total BCKAs compared to young male counterparts (Fig 6.6F, p<0.01). Old 

male mice had greater KIV (Fig 6.6G, p<0.05) and KMV levels (Fig 6.6I, p<0.001) in adipose 

tissue compared to young males. Young female mice had greater KIC levels compared to young 

males (Fig 6.6H, p<0.001). Old female mice had trend for increased KMV levels compared to 

young female mice (Fig 6.6I, p=0.0905). There was no effect of sex or aging in adipose tissue 

serine (Fig 6.6J), arginine (Fig 6.6K), alanine (Fig 6.6L), or phenylalanine (Fig 6.6M) levels. 
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Figure 6.6: Total BCKA levels are higher in aged mice in adipose tissue.  
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. HPLC was then performed to measure adipose tissue total BCAA (A), 
leucine (B), isoleucine (C), valine (D), glutamate (E), total BCKA (F), KIV (G), KIC (H), KMV 
(I), serine (J), arginine (K), alanine (L), and phenylalanine (M) concentrations. Data are means ± 
SEM * p<0.05, ** p<0.01, *** p<0.001. 

 

 

In adipose tissue, there was no effect of sex or aging on LAT1 protein (Fig 6.7A-B). 

There was no significant effect of sex or aging on total BCKD protein levels (Fig 6.7A, 6.7C), 

the phosphorylation of BCKD (Ser293, Fig 6.7A, 6.7D) protein, and total BCKD (Fig 6.7A, 

6.7C) protein abundance. BCAT2 protein levels were reduced in old female mice compared to 

young female mice (Fig 6.7A, 6.7E, p<0.05). There was no effect of sex or aging on BDK 

proteins levels (Fig 6.7A, 6.7F). Old male mice had a trend for reduced pp2Cm protein levels in 

old male mice compared to young male mice (Fig 6.7A, 6.7G, p=0.1082). There was no effect of 

sex or aging on BCKD activity in adipose tissue (Fig 6.7H). Old male mice had 62% and 46% 

greater BCKD activity compared to young female and old male mice respectively (Fig 6.7I). 

There was an aging effect on adipose tissue weights, as old animals had greater adipose tissue 

weights compared to young animals (Fig 6.7I, p<0.0001).  
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Figure 6.7: BCAT2 protein levels are lower in old female mice in adipose tissue  
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. Proteins were immunoblotted against LAT1 (A-B), BCKD (A, C), ph-
BCKD (Ser293) (A, D), BCAT2 (A, E), BDK (A, F) and pp2Cm (A, G). BCKD activity assay 
was performed (H). Weight of the adipose tissue was measured (I), corrected for body weight. 
Data are means ± SEM * p<0.05, **** p<0.0001.  
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Studies have shown how BCAAs and their metabolism are linked to cardiac related 

diseases (25,377,402), stressing the importance in studying BCAAs and their metabolism in 

heart tissue with the effect of aging. In the heart, there was an effect of aging on BCAA levels, as 

old mice had reduced total BCAA (Fig 6.8A, p<0.0001), and leucine (Fig 6.8B, p<0.0001) levels 

compared to young counterparts regardless of sex. Young female mice (Fig 6.8A, p<0.0001) had 

reduced total BCAA levels compared to young male mice. Old male mice had reduced isoleucine 

levels compared to young male mice (Fig 6.8C, p<0.01). Old male (p<0.0001) and old female 

(p<0.01) mice had reduced valine levels compared to sex-matched young mice (Fig 6.8D). 

Young male mice also had greater valine levels compared to young female mice (Fig 6.8D, 

p<0.0001). There was an effect of aging, but not sex on glutamate levels (Fig 6.8E, p<0.0001). 

Old female mice also had a trend for reduced glutamate levels compared to old male mice (Fig 

6.8E, p=0.0987). 

There was no effect of sex or aging on total BCKA (Fig 6.8F) or any of the individual 

BCKAs, KIV (Fig 6.8G), KIC (Fig 6.8H) or KMV (Fig 6.8I) levels in the heart. There was no 

effect of sex or aging in heart serine levels (Fig 6.8J). Old male mice had reduced heart arginine 

levels compared to young male mice (Fig 6.8K, p<0.05). Old male mice and old female mice had 

lower heart alanine levels compared to young male mice (Fig 6.8L, p<0.01) and young female 

(Fig 6.8L, p<0.05) mice respectively. There was no effect of sex or aging in heart phenylalanine 

levels (Fig 6.8M). 
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Figure 6.8: Aging but not sex affects BCAA levels in the heart.  
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. HPLC was then performed to measure heart total BCAA (A), leucine (B), 
isoleucine (C), valine (D), glutamate (E), total BCKA (F), KIV (G), KIC (H), KMV (I), serine 
(J), arginine (K), alanine (L) and phenylalanine (M) concentrations. Data are means ± SEM. * 
p<0.05, ** p<0.01, **** p<0.0001. 

 

 

 In the heart, there was no effect of sex or aging on LAT1 (Fig 6.9A-B), BCKD (Fig 

6.9A, 6.9C), ph-BCKD (Ser293) (Fig 6.9A, 6.9D), BCAT2 (Fig 6.9A, 6.9E) or BDK (Fig 6.9A, 

6.9F) protein levels. Old male mice had reduced pp2Cm (Fig 6.9A, 6.9G, p<0.01) and SDHA 

(Fig 6.9A, 6.9H, p<0.05) protein levels compared to young male mice. There was no effect of 

sex or aging on BCKD activity (Fig 6.9I). There was no effect of aging or sex on heart weight, 

but old female mice had reduced heart weight compared to young females and old males (Fig 

6.9J, p<0.05).  
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Figure 6.9: Old male mice exhibit lower pp2Cm than young counterparts in the heart 
Male and female young (4-month) (n=7) and old (18-months) (n=8) mice were sacrificed by 
cervical dislocation. Proteins were immunoblotted against LAT1 (A-B), BCKD (A, C) ph-BCKD 
(Ser293) (A, D), BCAT2 (A, E), BDK (A, F), pp2Cm (A, G) and SDHA (A, H). BCKD activity 
assay was performed (I). Weight of the heart was measured (J), corrected for body weight. Data 
are means ± SEM. * p<0.05, ** p<0.01, **** p<0.0001. 
 

BCKD

37 kDa

37 kDa

BDK

50 kDa

37 kDa

BCAT2

50 kDa

37 kDa

ph-BCKD 
(Ser293)

pp2Cm

37 kDa

50 kDa

Ponceau

Ponceau

Ponceau 50 kDa

Ponceau

LAT1

37 kDa

SDHA 75 kDa

A) Ponceau B) C)

D)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.000

0.002

0.004

0.006

0.008

BC
KD

/P
on

ce
au

(A
rb

itr
ar

y 
Un

its
)

E)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.00

0.02

0.04

0.06

LA
T1

/P
on

ce
au

(A
rb

itr
ar

y 
Un

its
)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.0

0.5

1.0

1.5

2.0

ph
-B

CK
D/

BC
KD

(A
rb

itr
ar

y 
Un

its
)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.00

0.01

0.02

0.03

BC
AT

2/
Po

nc
ea

u
(A

rb
itr

ar
y 

U
ni

ts
)

p=0.1692

75 kDa

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.000

0.005

0.010

0.015

0.020

BD
K/

Po
nc

ea
u

(A
rb

itr
ar

y 
Un

its
)

F) G) H)

I)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.00

0.01

0.02

0.03

0.04

0.05

pp
2C

m
/P

on
ce

au
(A

rb
itr

ar
y 

U
ni

ts
)

✱✱

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.00

0.05

0.10

0.15

SD
HA

/P
on

ce
au

(A
rb

itr
ar

y 
U

ni
ts

) ✱

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.00

0.05

0.10

0.15

0.20

BC
KD

 A
ct

iv
ity

((c
pm

/to
ta

l c
pm

)/t
ot

al
 p

ro
te

in
)

J)

yo
ung m

ale

yo
ung fe

male

old m
ale

old fe
male

0.0

0.2

0.4

0.6

0.8

W
ei

gh
t

(g
/g

 o
f b

od
y 

w
ei

gh
t)

✱
✱



 159 

6.5 Discussion 

BCAAs and their metabolism are linked to a plethora of diseases like insulin resistance, 

liver cirrhosis, chronic kidney failure and maple syrup urine disease (11–13,236,394–398), and 

aging is a major risk factor in many of these diseases (34–37). Thus, it is important to analyze the 

effect of BCAA levels and their metabolic enzyme activity/abundance in relevant tissues in 

aging, as age related changes in BCAAs and their metabolism may be implicated in the 

pathogenesis of these diseases. Here we demonstrate that total plasma BCAAs were higher in 

aging in male mice, but not females, with a trend or significantly lower in plasma BCKAs in 

aging. We also report a trend for lower intramuscular BCAA levels of old mice compared to 

young mice regardless of sex, with similar trends in the liver. There was no difference in adipose 

tissue BCAA levels, but aged mice generally had higher BCKA levels. The heart demonstrated 

lower BCAA content in aging. However, differences in BCAA/BCKA content could not be 

attributed to significant differences in BCKD activity in the skeletal muscle, liver, adipose tissue, 

and heart, but there were still modest differences in BCKD activity. There were no consistent 

differences of age or sex on catabolic enzymes abundance in these tissues.  

Circulating BCAA levels in men is lower compared to young counterparts (38–40). One 

study showed elderly individuals (average 80 years of age) with lower plasma leucine and 

isoleucine levels compared to young counterparts (average 29 years of age) (403). Another study 

showed no age related loss in total serum amino acid levels or serum BCAA levels, and greater 

serum BCAA levels in males compared to females in young and aged individuals (267). In our 

study, we see this in old animals, but not young. However, one study did show increased serum 

BCAAs in an older male population compared to old females, which correlated with reduced 

energy and protein intake in the female population (268). One study showed a trend for higher 



 160 

plasma BCAAs in 18-month female mice compared to 2-month young female mice (404), while 

another study showed no difference in plasma BCAAs in young (3-month) and old (22-month) 

mice (405). Generally, in aging, protein intake is reduced (406), which could explain the lower 

BCAAs in old men (38–40). The old male mice from this study consumed more food than old 

female mice (~18%), but when corrected for body weight the difference was negligible. Young 

mice did consume more food per day than old mice (~20%), which could also influence 

intramuscular BCAA content, but this was not consistent with differences in plasma BCAAs.  

Higher plasma BCAAs in old male mice might correspond with a compensatory 

mechanism to increase life span, as endogenous BCAA accumulation has a protective effect on 

leukocyte telomere length and weakness in an east Asian population (407). Another study 

showed that BCAA supplementation increased life span of male mice (16 months) by 12% (285), 

suggesting that perhaps increased plasma BCAAs in old male mice may have protective benefits. 

However, other studies have shown the opposite. BCAA restriction has increased lifespan in 

Drosophila (408), and this could be by reducing ribosomal protein S6 kinase (S6K1) 

phosphorylation, as BCAAs are potent activators of S6K1, and downregulation of S6K1 has 

been shown to prolong lifespan of mammals (409). Despite increased plasma concentrations in 

old male mice, this was not consistent in increases in intramuscular BCAA content, thus reduced 

BCAA content in skeletal muscle may result in reduced S6K1 activation leading to prolonged 

lifespan. 

Generally, there was a trend towards or significant difference in intramuscular BCAAs in 

old age. Lower intramuscular BCAAs in old female mice compared to young female mice could 

be in part due to lower LAT1 protein in old female mice. There are also higher BCKA levels in 

old female mice. BCKD activity is ~30-35% lower in females and aged mice, despite no 
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significance in skeletal muscle. BCKD is tightly regulated, and small differences could 

contribute to major differences in BCKA levels. The lack of significant differences in BCKD 

activity in skeletal muscle is consistent with a lack of differences in any catabolic enzymes (ph-

BCKD, total BCKD, BCAT2, BDK, and pp2Cm). The trends in BCKD activity with aging and 

sex seem to be consistent in adipose tissue and liver as well.   

Another mechanism that could be affecting BCAA/BCKA levels is muscle wasting, as 

muscle mass decline is associated with reductions in serum BCAAs (401). There was an effect of 

aging on the tibialis anterior weight (Fig 6.3J), demonstrating that muscle wasting is occurring. 

Changes in basal protein degradation/synthesis could affect BCAA/BCKA levels in muscle. 

Numerous studies have demonstrated no change in basal protein synthesis between young and 

elderly male individuals (410–412). While some studies have showed a reduction in basal muscle 

protein synthesis with aging (413,414). One study did see significant increases in skeletal muscle 

mRNA content of proteolytic enzymes like forkhead box protein O3a (FoxO3a) and Muscle 

ring-finger protein-1 (MuRF-1) in older women compared to younger women (415). Another 

study found that mRNA content of MuRF-1 and atrogin-1 are downregulated in skeletal muscle 

of old female rats (416). Conversely, Welle et al. found no change in these E3 ligases mRNA 

content in aged male rats (417). The literature is still inconsistent on whether basal protein 

degradation and synthesis is changed with aging, thus making it hard to speculate if these 

changes influence BCAA concentrations in plasma and relevant tissues. 

Since inflammation is increased with aging (418), depleted levels of intramuscular 

glutamate in old mice could also be due to their conversion to glutamine, as glutamine inhibits 

inflammation in muscle (419) and is important for healthy function of the immune system (420). 

Another potential reason for lower glutamate is our mice were starved for 3 hours prior to 
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sacrifice, and glutamate is converted to alanine through pyruvate in food deprived conditions for 

energy production (241,421), although alanine levels are not higher in muscle (Fig 6.2L).  

A lack of difference in the abundance of many of the BCAA metabolic enzymes can be 

linked to mitochondrial content, as these BCAA catabolic enzymes are present in the 

mitochondria, and mitochondrial DNA volume, integrity and function are reduced with aging 

(271). However, other studies have shown that changes in mitochondria complex proteins 

depends on which muscle is being analyzed. The vastus lateralis muscle only showed reductions 

in aging with complex III, but not complex I, II, IV or V protein abundance (422). Surprisingly, 

one study shows that in the gastrocnemius and EDL the abundance of mitochondrial complex 

proteins was increased in aging, while in the soleus, there was a reduction in complex I and IV 

abundance. Also, in the adductor longus there was no change (423). Another study shows a 

transient dip in mitochondrial density in old age (24 month rats), but this returns to normal in 35 

month rats (424), making it difficult to attribute any differences in BCAA catabolic enzyme 

activity and abundance to differences in mitochondria in an aging model.  

There were no sex related differences between BCAAs in plasma, muscle, liver, adipose 

tissue, or heart in young animals, but there were significant differences in aged mice. As 

discussed above, aging seems to alter male mice plasma BCAA content, but female plasma 

BCAA content is not different. Sex hormone estrogen inhibits the BCKD complex by activating 

BDK, decreasing BCAA catabolism (42,43), but in old age estrogen is not a factor. We did not 

see significant differences in BDK in any of the tissues, but the differences in BCKD activity 

showed greater BCKD activity in male mice compared to female mice in skeletal muscle, liver, 

and adipose tissue. These differences were somewhat consistent with differences seen in BCKAs 

in muscle, liver, and adipose tissue. BCKD activity was measured in basal conditions, one study 
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has shown that males have greater leucine oxidation compared to women following endurance 

exercise (44), which raises the question if this persists in aging, and how it would be affected in 

response to BCAAs.  

There were no differences in adipose tissue BCAA levels across the groups, and this is 

consistent with no difference in LAT1 protein abundance. The lack of difference in BCAA levels 

is surprising given that BCAT2 protein levels in young female mice is greater than in old female 

mice. Despite higher levels, it is possible that the activity of BCAT2 not different amongst 

groups. This may also be due to the fact these mice were food deprived for 3 hours, so BCAA 

oxidation was preserved to combat fasted-state protein degradation. This is supported with no 

difference in glutamate levels in adipose tissue, which is produced in the transamination of 

BCAAs to BCKAs. Despite no signal for BCAT2 in adipose tissue for aged mice, BCAT2 

protein is not absent in the adipose tissue with aging, as confirmed by another study (425), but 

the exposure for the membrane was likely not long enough to show a band. 

BCAA levels in the heart are consistently lower in old age, but there was no difference in 

BCKA levels. LAT1 protein levels were not different among any groups, thus it is not 

responsible for any difference in BCAAs in the heart. BCKD activity and protein levels of the 

catabolic enzymes were also not different across groups. In old age the heart experiences a 

decline in diastolic function and left ventricle hypertrophy (426). We did not demonstrate an 

aging effect on heart weight, but since BCAAs activate mechanistic/mammalian target of 

rapamycin complex 1 (mTORC1) in the heart (26), which contributes to heart hypertrophy (426), 

we could see the reduction in the uptake of BCAAs in the heart to compensate for this and 

preserve heart health in aging. Since LAT1 is largely not different amongst groups across all 
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tissues, it would be interesting to assess which tissues uptake BCAAs the most in old animals 

compared to younger counterparts. 

In older populations insulin sensitivity is reduced (41). The prevalence of prediabetes in 

20- to 39-year old individuals was 17.9%, 34.6% for 40- to 59-year old individuals, 36.8% for 

60-to 74-year old individuals and 46.7% for <75-year old individuals (427). Insulin resistance 

increases with age, but the greatest increase in insulin resistance seems to be around 45-55 years 

old (428). The reduction in insulin sensitivity with aging could be due to lack of exercise in 

aging (429), which could also impact BCAA concentrations, as exercise upregulates BCAA 

oxidation (272–274). We did not measure energy expenditure, and activity, but in this study, 

females were observationally more active than males in old age, which could contribute to their 

reduced plasma BCAA levels compared to old male mice.  

Studies that are generally carried out in younger cohorts have shown an increase in 

plasma BCAAs and BCKAs in insulin resistant states (11–13,17,21,107,113,114). Although 

insulin resistance worsens in aging (430), it is difficult to link of higher plasma BCAAs in old 

males to differences in insulin sensitivity, especially considering when BCAA catabolic enzyme 

protein levels were not different, which are downregulated (except for BDK) in insulin resistance 

in muscle (318), liver (319) and adipose tissue (13). Female mice regardless of age were more 

insulin sensitive than male mice, although not significant, but this did not lead to differences in 

catabolic enzyme protein abundance. This suggests that the link between BCAAs and insulin 

resistance may only be relevant in young male populations. We also show lower plasma BCKAs 

with age, which contradicts increases in BCKAs in insulin resistant states (12,108,218,220). This 

suggests that despite worsening of insulin sensitivity with age (430), changes in BCAA levels 

and BCAA catabolic enzymes are only seen in disease states like chronic renal failure (236,394), 
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liver cirrhosis (395,396), and T2DM (23,24) and not healthy populations regardless of age. Since 

the rise of blood glucose in the insulin tolerance test from minute 30-120 is likely due to a 

counter regulatory system like glucagon release, we also measured the area under the curve from 

basal to 30 min (Appendix J, Supplementary figure 9) and saw a trend for lower area under the 

curve for female mice compared to male mice with no effect of aging. Despite females having 

better insulin sensitivity, this does not correlate with any differences in BCAA levels in plasma 

or tissue or differences in any metabolic enzyme abundance/activity, suggesting that the link 

between dysregulated levels of BCAAs and their metabolism is linked to disease states, and age 

is not a factor in healthy animals.  

For many parameters we did not reach significance although we were close. Studies have 

not looked at change in BCKD activity between sex and aging groups. Power calculations were 

not done before the start of this study, but using previous research (404) that compared the 

plasma BCAA levels in young (2-month) vs old (18-month) male mice (means ~7.34±0.98 vs 

~8.6, power value was 80%, alpha value was 0.05), we would need 9 mice in each group. This 

could explain why certain results were not significant, but we did show significant increases in 

old male mice plasma BCAAs with a sample size of 7-8 mice.  

A limitation of this study is using a previous studies’ samples that only had 8 mice 

sacrificed at 18 months, as a greater sample size would have been ideal to reach significance. 

Additionally, having a group of very old mice (>24 month) may help give greater insight on how 

BCAA metabolism is changed with old age, as we expect greater insulin resistance (430), 

worsening muscle atrophy (431), and changes in mitochondrial content (432), which could all 

contribute to altered levels of BCAA catabolic enzymes.  
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In conclusion, we see differences in plasma, muscle, liver, and heart BCAAs in aging, but 

this was not consistent with differences in LAT1 or SDHA. Minor differences in BCKD activity 

may play a role in altered BCAA and BCKA levels, but cannot account for all of it, especially 

considering BCAA catabolic enzyme protein abundance was largely not different. This suggests 

that BCAA catabolic enzymes are largely preserved in aging, and likely are only dysregulated in 

disease states.  
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7.0 Summary of Findings 
 
7.1 General findings and future directions 
 

High protein diets are important in maintaining lean body mass during weight loss, 

stimulating protein synthesis, enhancing glycemic regulation and increasing intestinal calcium 

absorption (433). They are often used to combat loss of lean muscle during calorie restriction in 

weight loss programs (8,9). In particular, branched-chain amino acids (BCAA), can stimulate 

muscle protein synthesis, and regulate body weight and glucose homeostasis (10). Despite these 

benefits, branched-chain amino acids (BCAAs), and their metabolites, branched-chain ketoacids 

(BCKAs), are upregulated in insulin-resistant states (11–13). Whether BCAAs cause insulin 

resistance is a question that remains to be answered.   

In our previous work we showed that depletion of BCKD in L6 myotubes results in 

reduced insulin-stimulated glucose uptake (17), emphasizing the importance of BCKD in 

maintaining insulin sensitivity. Thus, we examined the effect of depleting BDK, the inhibitor of 

BCKD on insulin sensitivity. Here, we demonstrated that BDK depletion/inhibition increased 

insulin-stimulated glucose uptake in L6 myotubes and rescues the KIC-induced suppression of 

insulin-stimulated glucose uptake. We also confirmed that KIC suppressed insulin-stimulated 

glucose transport through the phosphorylation of the S6K1/IRS-1 signalling axis and that BDK 

depletion/inhibition rescues this likely through the enhanced catabolism of KIC, as BDK 

inhibition prevented the accumulation of leucine from KIC treatment.  

To determine the direct effects of BCAAs/BCKAs on insulin resistance, we conducted 

the study in starved conditions. Since the presence of other amino acids may have influence our 

results, a future study would be look at the effect of BCAA/BCKA treatment with BDK 
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depletion/inhibition in the presence of all the amino acids, as we consume foods with various 

amino acid profiles.  

Although we established the role of S6K1/IRS-1 signalling in BCKA-induced 

suppression of insulin-stimulated glucose transport, our previous work showed that in starved 

conditions, BCKD depletion suppressed insulin-stimulated glucose transport, in the absence of 

the activation of this mechanism (17). On the other hand, BDK depletion improved insulin-

stimulated glucose uptake in starved conditions, without changes in the S6K1/IRS-1 mechanism. 

Thus, a future study would be to explore how BCKD regulation affects insulin-stimulated 

glucose transport in the absence BCAAs and BCKAs. It would also be interesting to see if the 

effect of BDK depletion or BT2 treatment can reverse insulin resistance in myotubes that is not 

induced by BCKAs/BCAAs supplementation.  

Another future direction is how BDK depletion/inhibition affects other mechanisms like 

fatty acid metabolism in an insulin resistant state, as KIC, an endogenous activator of BCKD 

(280,353), increased fatty acid oxidation in C2C12 myotubes (327). Also, since BDK depletion 

improved insulin-stimulated glucose transport in starved conditions, independent of mTORC1, it 

would be interesting to see if the mitochondria plays a role in this, as use of BCKD activators 

(BT2 and sodium phenylbutyrate) reduced ROS (336,338). It would also be interesting to assess 

how BDK inhibition/depletion affects AMPK signaling, as AMPK has been shown to negatively 

regulate BCAA catabolism, but still improve insulin sensitivity (329).  

We have previously shown that leucine (16) and ketoisocaproic acid (KIC) (16,17), a 

metabolite of leucine, suppresses insulin-stimulated glucose uptake in L6 myotubes with an 

increase in the S6K1/IRS-1 signaling axis (16). Since there are other tissues aside from skeletal 

muscle that contribute to KIC metabolism, we wanted to demonstrate if KIC gavage in vivo 
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would yield similar results. We see no change in insulin tolerance in rats gavaged with leucine or 

KIC. We did demonstrate that leucine activated the S6K1-IRS-1 pathway in skeletal muscle of 

rats as we did L6 myotubes, irrespective of fiber type. However, the activation of this pathway in 

skeletal muscle seems to be uncoupled with whole-body insulin tolerance.  

KIC did not activate the S6K1-IRS-1 pathway in skeletal muscle, as seen in our previous 

work in L6 myotubes (16,17). This is likely because KIC is being largely catabolized by the 

liver, where BCKD is most abundant and active (241). Our work supports this, as 

phosphorylation of S6 and BCKD activity were increased in the liver in response to KIC gavage. 

The effect of KIC on S6 phosphorylation was higher in the heart as well, but not significant. The 

effect of KIC on S6 phosphorylation seemed to be the most drastic in the liver and heart, which 

corresponds with the tissues in which BCKD protein levels were the highest (Fig 5.8). This 

supports the notion that KIC is likely being oxidized in the liver and lower concentrations of KIC 

are going to the skeletal muscle from the liver unlike for leucine.  

As discussed in the literature review, there is a high degree of variability in studies that 

supplement BCAAs to rodents. One study showed that mice supplemented BCAAs for 3 months 

exhibited no change in insulin sensitivity (285), while others showed that chronic leucine 

supplementation improved insulin sensitivity in rodents fed a high fat diet (20,287,295). Other 

studies showed improved insulin sensitivity of db/db mice when treated with leucine for 12 

weeks (288) or BCAAs for 34 weeks (289). However, one study showed that 12-16 weeks of 

BCAA supplementation worsened insulin sensitivity in rats fed a high-fat-diet (108), while 

Zucker-fatty rats restricted of BCAAs show improved insulin sensitivity (290). Thus, since KIC 

did not affect muscle insulin signaling or whole-body insulin sensitivity in lean animals, it would 

be interesting to explore how KIC affects insulin sensitivity and relevant signaling in obese 
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animals. Also, a chronic treatment of KIC may yield different results than an acute, and would be 

more representative and relevant, as we consume leucine in our diets daily.  

Additionally, since KIC did not affect the S6K1/IRS-1 pathway in skeletal muscle of lean 

rats, and since obesity and insulin resistance is associated with increased fatty acid oxidation 

(434), it would be interesting to explore how KIC affects lipid metabolism in obese rats, as KIC 

activates fatty acid oxidation in C2C12 myotubes (327) and leucine improved insulin sensitivity 

in animals fed a high fat diet by increasing fatty acid oxidation (20,21,299,300).  

Since KIC treatment reduced insulin-stimulated glucose transport in our in vitro model 

and not in vivo model, it is likely that this could be due to the concentration used in each. Our in 

vitro model received supraphysiological levels of KIC. However, in vivo, the liver is 

metabolizing KIC at first pass, as BCKD is most abundant in the liver. This reduces the amount 

of KIC being absorbed by the muscle, which may explain the discrepancies of the effect of KIC 

on insulin signaling in skeletal muscle in vitro compared to in vivo. Additionally, enhanced 

BCAA catabolism reversed the effect of KIC in vitro, and studies have shown benefits of BT2 in 

rodent models (326,333,337). Coupled with the fact that BCAA metabolic enzymes are 

downregulated (except BDK is increased) in insulin resistant states (23,24), it is likely that 

increased levels of BCAAs are correlated with insulin resistance and are a product of altered 

enzyme levels/activity in insulin resistant states.  

The link between BCAA catabolism and insulin sensitivity is evident. However, this 

relationship is complicated in aging. Aged men exhibit significantly lower circulating BCAA 

levels (38,39), which is interesting considering insulin resistance is more prevalent in older 

individuals (41), and BCAAs are elevated in insulin resistance (12,13). Aging is a major risk 

factor in many diseases, so understanding BCAA metabolism in aging can help against different 
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diseases (34–37). No study to our knowledge has examined the effect of aging on BCAA 

catabolic enzyme abundance and activity, and BCAA levels in relevant tissues. We also 

examined the effect of sex as a few studies have shown sexual dimorphisms regarding BCAA 

catabolism and is a field that requires further exploring.  

We show an increase in plasma BCAAs in old male mice, compared to young male and 

old female mice. We also report a reduction of BCAAs in skeletal muscle with aging in both 

sexes, and reduced BCAAs in aging in male animals in the liver and a trend for female animals. 

The heart also exhibits reduced BCAAs in aging. There are no changes in BCAA levels in the 

adipose tissue.  

Skeletal muscle, liver and adipose tissue show that BCKD activity is greater in males 

than females in both age cohorts, but this effect was not significant. However, minor changes 

may have contributed to increased BCKAs in the tissues of older mice. Changes in BCKD 

activity or BCAA/BCKA levels were not a result of consistent changes in catabolic enzyme 

abundance in any of the tissues. Changes in BCAA/BCKA levels were also not consistent with 

changes in amino acid transporter LAT1 or changes in mitochondrial content seen with SDHA 

protein levels. Our data suggest that enzymes involved in BCAA catabolism are generally 

preserved in aging, and that although aging is a risk factor in many diseases, BCAA catabolism 

is only implicated in disease and not in healthy aged populations. Despite the worsening of 

insulin resistance in aging (430), it seems that BCAA catabolic enzymes are only dysregulated in 

insulin resistant states like obesity and T2DM that have major metabolic derangements.  

A future direction of this study could be to explore an even older age group (<24 

months), as studies showing men with reduced BCAAs in plasma were much older (~80 years of 

age) (38,39). We showed no effect of aging in SDHA protein levels in any of the tissues 
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analyzed, but one study did show reduced mitochondrial content in old women compared to 

young women (432). This could be because the women in this study were prefrail or frail and 

were also older than the age of our old female mice group. Also insulin sensitivity worsens with 

age (430), which may have implications on BCKD activity and BCAA catabolic enzyme protein 

abundance, as they are altered in insulin resistant states (23,227). Finally, muscle mass declines 

3-8% after per decade after 30 years of age each decade, and this rate is even higher after 60 

years of age (431), emphasizing the importance of studying BCAA metabolism in even older 

mice. 

 Ultimately, the future direction of BCAA induced insulin resistance is to analyze the 

effect of BT2 in clinical applications. In pre-clinical models, BT2 supplementation improves 

insulin sensitivity (294,326,333,337) and there have been no adverse effects reported in pre-

clinical models with chronic dosing (294,333). T2DM patients treated with sodium 

phenylbutyrate, an activator of BCKD, showed improvements in insulin sensitivity with 

enhanced carbohydrate oxidation, but no change in fatty acid or triglyceride plasma levels (335). 

Since recent studies have shown that BT2 improves fatty acid oxidation in the liver (337) and 

reduces mitochondrial ROS and de novo lipogenesis (338), it may be a better candidate against 

insulin resistance than sodium phenylbutyrate, and requires further analysis in clinical models. 

Thus, I would intraperitoneally inject BT2 in patients with insulin resistance and control patients. 

Firstly, I would measure BCKD phosphorylation to confirm activation of BCKD in skeletal 

muscle, liver, and adipose tissue mainly, as these tissues are primarily implicated in insulin 

resistance. Next, I would see how it affects insulin sensitivity by conducting an insulin tolerance 

test. Next, I would look at insulin signaling pathways in all three tissues, and then also assess 
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fatty acid levels as BT2 has shown to improve fatty acid oxidation (337). I would also explore 

how it affects mitochondrial ROS levels in humans.  

 
7.2 Limitations 
 

In this dissertation, despite our best efforts made in the design and execution of these 

studies, we do acknowledge the presence of limitations. 

In chapter 4, we aimed to analyze the effects of BDK depletion/inhibition in vitro. It was 

an important first step to examine the direct effects of enhanced BCAA catabolism on a single 

tissue, as in vivo it would be difficult due to the inputs from other tissues, growth factors, and 

metabolites. However, this does allow for future studies to explore these effects in vivo. Most 

studies examine the effects of BDK inhibition on the whole-body level, but is important to 

confirm if depleting/inhibiting BDK in skeletal muscle in vivo can improve insulin sensitivity 

and attenuate insulin resistant states, as skeletal muscle insulin resistance is the primary defect in 

T2DM (354). It was important to explore the direct effects of BCAA/BCKAs on mTORC1 

signalling and insulin-stimulated glucose uptake in amino acid starved conditions, however, the 

presence of other amino acids may have effects on the results presented. However, this does 

allow for future studies examining the effect of BDK depletion/inhibition and BCAA/BCKA 

treatment in the presence of other amino acids. Also, using total proteins instead of a loading 

control like g-tubulin is preferred, but the half-life of Akt (36 hours), (435) IRS-1 (20 hours) 

(436), ribosomes like S6 (300 hour) (437) and tubulin (15-50 hours depending on the cellular 

model) (438) are longer than our treatment times of KIC and BT2, thus g-tubulin was a sufficient 

loading control. We used g-tubulin as a loading control instead of actin and GAPDH, as the 

molecular weight of actin is too close to BCKD, while GAPDH may overlap with ph-S6 or the 
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BCAA catabolic enzymes like BCAT2, BDK, pp2Cm. The molecular weight of g-tubulin (48 

kDa) was above these BCAA metabolic enzymes (37-45 kDa) but also below insulin signaling 

pathway markers (60-70 kDa).  

Another limitation is that we did not measure differentiation markers to confirm 

myotubes were fully differentiated, which could contribute to some of the variability in the 

study. We observationally confirmed myotubes were differentiated but did not confirm with the 

measurement of differentiation markers. On D5 of differentiation, based off previous studies 

(235), the cells were most likely differentiated. 

In chapter 5, a limitation was not being able to obtain blots for the effect of KIC and 

leucine gavage on insulin signaling in adipose tissue, as adipose tissue is an important site of 

BCAA catabolism. Since BCKD activity is lowest in skeletal muscle and adipose tissue (241), it 

is likely that KIC did not activate mTORC1 signalling in adipose tissue like in skeletal muscle. 

As discussed above since BCKD protein abundance was highest in liver and heart, KIC likely 

prioritized uptake into these tissues over adipose tissue. Another limitation was not obtaining a 

blot for ph-S6K1 (Thr389) in the liver and heart. However, we did obtain blots for targets of 

S6K1, S6 (Ser235/6) and IRS-1 (Ser612), which can compensate for this. Finally, not being able 

to obtain a blot for ph-Akt (Ser473) in the liver is a limitation as well, but since it was unchanged 

in other tissues, and whole-body insulin tolerance was unchanged, it is unlikely that ph-Akt was 

affected by leucine or KIC gavage in the liver. Finally, since supplementation with KIC 

(383,384) and leucine (385) stimulates insulin secretion in vivo, this could explain why blood 

glucose levels were not increased in our insulin tolerance test, but insulin signaling was changed. 

We plan on doing this in the future. Like in chapter 4, g-tubulin was used as a loading control for 

chapter 5. Use of total proteins as loading control would be ideal, but since KIC and leucine 
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gavage was an acute treatment (30 min-180 min), and tubulin half-life is much longer, g-tubulin 

is a sufficient loading control.  

Another limitation is that in the ex vivo BCKD activity assay we were measuring the 

maximal capacity of the BCKD enzyme, but the gold standard would be to do KIC/leucine tracer 

experiments in vivo. However, maximal enzyme activity is still a valid approach, and still 

indicates changes in enzyme activity in response to a dose of KIC/leucine.  

In chapter 6, a limitation is that despite that all the animals were the same strain, young 

females were bought from a different company from the rest of the animals due to a bacterial 

outbreak at one of the companies. My sample size might be underpowered, as unfortunately I 

only received tissues from 8 animals aged 18-months. Two studies that examined plasma 

BCAAs in young and old mice used a sample size of 3-4 (404) and 6-10 (405). Additionally, 

although 18-month mice are considered “old” (439), in future studies, adding an additional very 

old (<24 month) mouse group would have given more insight on the effects of aging on BCAA 

metabolism, as reductions in insulin sensitivity (430) and mitochondrial content (432), and 

increased muscle wasting (431) with aging can all have implications on BCAA metabolism. 

	 Despite doing a protein assay to ensure equal loading of protein, another limitation is the 

unequal loading for our loading control g-tubulin in some of the blots for study 1 and 2. This 

could be due to error in calculating protein concentration values from the protein assay. In the 

future it is important to ensure g-tubulin loading is the same, ensuring calculations are done 

correctly and the protein assay is done with utmost care. 

In all three studies, we measured the phosphorylation of Akt at the serine 473 residue, but 

not the Thr308 residue, and this is a limitation, as Akt requires phosphorylation at both residues 

for full activation. One study showed that leucine and whey protein increased mTORC1 
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activation, without affecting Akt phosphorylation of either residue (296), so we decided to 

measure the Ser473 residue as it is a more reliable antibody according to Cell Signaling 

Technology, the manufacturer. 

 

7.3 Conclusions  
 

Here we show that the effect of KIC and BCKAs on insulin sensitivity in L6 myotubes 

was attenuated in conditions where BCAA oxidation was increased like with BDK inhibition and 

depletion. We also confirmed that in L6 myotubes that mTORC1 signaling is the responsible 

culprit in reducing insulin-stimulated glucose uptake in response to KIC/BCKA treatment. 

Despite what we see in vitro, KIC gavage in lean healthy rats does not affect whole-body insulin 

tolerance or insulin signaling in skeletal muscle. However, KIC gavage increased BCKD activity 

and S6 phosphorylation in the liver, suggesting KIC gavage is predominantly catabolized by the 

liver in its first pass before reaching the muscle. Since KIC is predominantly catabolized by the 

liver, a lower concentration of KIC reaches the skeletal muscle, unable to significantly activate 

S6K1-IRS-1 in skeletal muscle (Fig 5.2-5.4), as seen in vitro. It is also important to note that 

despite increases in the S6K1/IRS-1 signaling axis of skeletal muscle of rats gavaged with 

leucine, this did not lead to changes in whole-body insulin tolerance.  

Finally, we demonstrated changes in plasma BCAAs in old male mice, and reduced 

BCAAs in skeletal muscle, liver, and heart of old mice. We do see minor changes in BCKD 

activity between groups, although not significant, which could contribute to some of the 

significant changes in BCKA levels across groups. There was no consistent change in BCAA 

catabolic enzymes abundance across the various tissues. Females were more insulin sensitive 

than males (Fig 6.1N-O), but this did not correlate with any changes on our measures 
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(BCAA/BCKA plasma/tissue levels and metabolic enzyme levels). Thus, it is likely that 

although age is a risk factor in diseases that implicate BCAA metabolism, altered BCAA 

metabolism may only manifest in disease populations, and not in healthy populations regardless 

of age.  
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al. The metabolic footprint of aging in mice. Sci Rep. 2011;1.  

406.  Wysokiński A, Sobów T, Kłoszewska I, Kostka T. Mechanisms of the anorexia of 
aging—a review. Age (Omaha). 2015;37(4).  

407.  Zhang Y, Zhou Q, Yang R, Hu C, Huang Z, Zheng C, et al. Serum branched-chain amino 
acids are associated with leukocyte telomere length and frailty based on residents from 
Guangxi longevity county. Sci Rep [Internet]. 2020;10(1):1–8. Available from: 
http://dx.doi.org/10.1038/s41598-020-67010-9 

408.  Juricic P, Grönke S, Partridge L. Branched-chain amino acids have equivalent effects to 
other essential amino acids on lifespan and aging-related traits in drosophila. Journals 
Gerontol - Ser A Biol Sci Med Sci. 2020;75(1):24–31.  

409.  Selman C, Tullet JMA, Wieser D, Irvine E, Lingard SJ, Choudhury AI, et al. Ribosomal 
protein S6 kinase 1 signaling regulates mammalian life span. Science (80- ). 
2009;326(5949):140–4.  

410.  Cuthbertson D, Smith K, Babraj J, Leese G, Waddell T, Atherton P, et al. Anabolic 
signaling deficits underlie amino acid resistance of wasting, aging muscle. FASEB J. 
2005;19(3):1–20.  

411.  Volpi E, Sheffield-Moore M, Rasmussen BB, Wolfe RR. Basal muscle amino acid 
kinetics and protein synthesis in healthy young and older men. JAMA. 
2001;286(10):1206–12.  

412.  Volpi E, Mittendorfer B, Wolf SE, Wolfe RR. Oral amino acids stimulate muscle protein 
anabolism in the elderly despite higher first-pass splanchnic extraction. Am J Physiol - 
Endocrinol Metab. 1999;277(3 40-3):513–20.  

413.  Balagopal P, Rooyackers OE, Adey DB, Ades PA, Nair KS. Effects of aging on in vivo 
synthesis of skeletal muscle myosin heavy- chain and sarcoplasmic protein in humans. 
Am J Physiol - Endocrinol Metab. 1997;273(4):E790-800.  

414.  Welle S, Thornton C, Jozefowicz R, Statt M. Myofibrillar protein synthesis in young and 
old men. Am J Physiol - Endocrinol Metab. 1993;264:E693-8.  

415.  Raue U, Slivka D, Jemiolo B, Hollon C, Trappe S. Proteolytic gene expression differs at 
rest and after resistance exercise between young and old women. Journals Gerontol - Ser 



 204 

A Biol Sci Med Sci. 2007;62(12):1407–12.  
416.  Edström E, Altun M, Hägglund M, Ulfhake B. Atrogin-1/MAFbx and MuRF1 are 

downregulated in aging-related loss of skeletal muscle. Journals Gerontol - Ser A Biol Sci 
Med Sci. 2006;61(7):663–74.  

417.  Welle S, Brooks AI, Delehanty JM, Needler N, Thornton CA. Gene expression profile of 
aging in human muscle. Physiol Genomics. 2003;14:149–59.  

418.  Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardiovascular 
disease, and frailty. Physiol Behav. 2018;15(9):505–22.  

419.  Petry ÉR, Dresch D de F, Carvalho C, Medeiros PC, Rosa TG, de Oliveira CM, et al. Oral 
glutamine supplementation attenuates inflammation and oxidative stress-mediated skeletal 
muscle protein content degradation in immobilized rats: Role of 70 kDa heat shock 
protein. Free Radic Biol Med [Internet]. 2019;145(September):87–102. Available from: 
https://doi.org/10.1016/j.freeradbiomed.2019.08.033 

420.  Rogeri PS, Gasparini SO, Martins GL, Costa LKF, Araujo CC, Lugaresi R, et al. 
Crosstalk Between Skeletal Muscle and Immune System: Which Roles Do IL-6 and 
Glutamine Play? Front Physiol. 2020;11(October):1–11.  

421.  Nicastro H, Da Luz CR, Chaves DFS, Bechara LRG, Voltarelli VA, Rogero MME, et al. 
Does branched-chain amino acids supplementation modulate skeletal muscle remodeling 
through inflammation modulation? Possible mechanisms of action. J Nutr Metab. 
2012;2012:136937.  

422.  Spendiff S, Vuda M, Gouspillou G, Aare S, Perez A, Morais JA, et al. Denervation drives 
mitochondrial dysfunction in skeletal muscle of octogenarians. J Physiol. 
2016;594(24):7361–79.  

423.  Picard M, Ritchie D, Thomas MM, Wright KJ, Hepple RT. Alterations in intrinsic 
mitochondrial function with aging are fiber type-specific and do not explain differential 
atrophy between muscles. Aging Cell. 2011;10(6):1047–55.  

424.  Mathieu-Costello O, Ju Y, Trejo-Morales M, Cui L. Greater capillary-fiber interface per 
fiber mitochondrial volume in skeletal muscles of old rats. J Appl Physiol. 
2005;99(1):281–9.  

425.  Han HS, Ahn E, Park ES, Huh T, Choi S, Kwon Y, et al. Impaired BCAA catabolism in 
adipose tissues promotes age-associated metabolic derangement. Nat Aging. 2023;3:982–
1000.  

426.  Obas V, Vasan RS. The aging heart. Clin Sci. 2018;132(13):1367–82.  
427.  Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, et al. Full accounting 

of diabetes and pre-diabetes in the U.S. population in 1988-1994 and 2005-2006. Diabetes 
Care. 2009;32(2):287–94.  

428.  Chambers J, Elliott P, Scott J, Kooner J. Physical activity and risk of type 2 diabetes in 
UK Indian Asian and Northern European subjects in the London Life Sciences Population 
(LOLIPOP) study. In: 79th Annual Scientific Session of the American-Heart-Association. 
2006. p. 894–5.  

429.  Amati F, Dubé JJ, Coen PM, Stefanovic-Racic M, Toledo FGS, Goodpaster BH. Physical 
inactivity and obesity underlie the insulin resistance of aging. Diabetes Care. 
2009;32(8):1547–9.  

430.  Short KR, Vittone JL, Bigelow ML, Proctor DN, Rizza RA, Coenen-Schimke JM, et al. 
Impact of aerobic exercise training on age-related changes in insulin sensitivity and 
muscle oxidative capacity. Diabetes. 2003;52(8):1888–96.  



 205 

431.  Volpi E, Nazemi R, Fujita S. Muscle tissue changes with aging. Curr Opin Clin Nutr 
Metab Care. 2004;7(4):405–10.  

432.  Sonjak V, Jacob KJ, Spendiff S, Vuda M, Perez A, Miguez K, et al. Reduced 
Mitochondrial Content, Elevated Reactive Oxygen Species, and Modulation by 
Denervation in Skeletal Muscle of Prefrail or Frail Elderly Women. Journals Gerontol - 
Ser A Biol Sci Med Sci. 2019;74(12):1887–95.  

433.  Pasiakos SM. Metabolic advantages of higher protein diets and benefits of dairy foods on 
weight management, glycemic regulation, and bone. J Food Sci. 2015;80(S1):A2–7.  

434.  Lopaschuk GD. Fatty Acid Oxidation and Its Relation with Insulin Resistance and 
Associated Disorders. Ann Nutr Metab. 2016;68:15–20.  

435.  Basso AD, Solit DB, Chiosis G, Giri B, Tsichlis P, Rosen N. Akt forms an intracellular 
complex with heat shock protein 90 (Hsp90) and Cdc37 and is destabilized by inhibitors 
of Hsp90 function. J Biol Chem [Internet]. 2002;277(42):39858–66. Available from: 
http://dx.doi.org/10.1074/jbc.M206322200 

436.  Potashnik R, Bloch-Damti A, Bashan N, Rudich A. IRS1 degradation and increased serine 
phosphorylation cannot predict the degree of metabolic insulin resistance induced by 
oxidative stress. Diabetologia. 2003;46(5):639–48.  

437.  Nikolov EN, Dabeva MD, Nikolov TK. Turnover of ribosomes in regenerating rat liver. 
Int J Biochem. 1983;15(10):1255–60.  

438.  Voelzmann A, Hahn I, Pearce SP, Sánchez-Soriano N, Prokop A. A conceptual view at 
microtubule plus end dynamics in neuronal axons. Brain Res Bull [Internet]. 
2016;126:226–37. Available from: http://dx.doi.org/10.1016/j.brainresbull.2016.08.006 

439.  Flurkey K, Currer JM, Harrison DE. Mouse Models in Aging Research. In: The Mouse in 
Biomedical Research. 2007. p. 637–672.  

440.  Mann G, Riddell MC, Adegoke OAJ. Effects of Acute Muscle Contraction on the Key 
Molecules in Insulin and Akt Signaling in Skeletal Muscle in Health and in Insulin 
Resistant States. Diabetology. 2022;3(3):423–46.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 206 

Appendix A) Cell Treatment: BT2 experiments 
 

 
Supplementary Figure 1: Experimental design of experiments with BT2, KIC and insulin 
 On day 5 of differentiation, myotubes were incubated with or without BT2 for three hours in 
starvation medium (serum and amino acid-free medium). They were then incubated in starvation 
medium with or without KIC for 30 minutes. Following this, myotubes were incubated with or 
without insulin for 20 minutes.  
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Appendix B) Cell Treatment: mTORC1 activation experiments (Fig 4.9) 
 

  
 
 
Supplementary Figure 2: mTORC1 reactivation experimental design.  
On day 3 of differentiation, myotubes were transfected with SCR (control) or TSC-2 siRNA 
oligonucleotides. On day 5 of differentiation, myotubes were incubated with or without 
MHY1485 and BT2 for three hours in starvation medium (serum and amino acid-free medium). 
They were then incubated in starvation medium with or without KIC for 30 minutes. Following 
this, myotubes were incubated with or without insulin for 20 minutes.  
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Appendix C) Cell Treatment: Rapamycin experiments (Fig 4.10) 

 
 
 
Supplementary Figure 3: mTORC1 inhibition experimental design.  
On day 5 of differentiation, myotubes were incubated with or without BT2 for three hours in 
starvation medium (serum and amino acid-free medium). They were then incubated in starvation 
medium with or without KIC and rapamycin for 30 minutes. Following this, myotubes were 
incubated with or without insulin for 20 minutes.  
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Appendix D) Glucose Transport Assay  
 
Materials and Methods 
 
HEPES Buffer Saline: 
• 140 mM NaCl (Wisent, #600-082-LG) 
• 20 mM HEPES-Na, pH 7.4 (Research Organics, #6003H) 
• 5mM KCl (Fisher Scientific, #M-12445) 
• 2.5 mM MgSO4 (Bioshop, #10034-99-8) 
• 1.0 mM CaCl2 (Bioshop, #10035-04-8) 
 
Stop Solution: 
• 0.9% NaCl (Saline) (Wisent, #600-082-LG)  
 
2-DG Stock Solution: 
• 10 mM 2-Deoxy-D-Glucose (Sigma Aldrich, #D8375) in HEPES buffer 
 
Transport Solution: 
Prepare in HEPES buffer 
10 µM 2-Deoxy-Glucose (Sigma Aldrich, #D8375) 
0.5 µCi/mL H3 2-Deoxy-Glucose (Perkin Elmer, #NET549250UCI) 
 
Glucose Uptake Procedure 
 

1. On the designated radioactive bench in the lab, wash L6 myotubes in 12 well plates two 
times with 400 µL of 37oC HEPES buffer and aspirate any remaining buffer. 

2. Add 300 µL of room temperature Transport Solution per well for a 12-well plate. 
3. Incubate the plates for 5 minutes at 37°. Be sure to not exceed this time. 
4. Aspirate away the Transport Solution quickly and wash the wells thoroughly three times 

with 1 mL of ice-cold Stop Solution (0.9% Saline) while on ice. Aspirate to dryness. 
5. While on ice, add 1 mL of ice-cold 0.05 M NaOH to each well in the plate. 
6. Scrape the cells and transfer 0.8 mL of the contents into scintillation vials already filled 

with 3.5 mL of scintillation fluid. 
7. Transfer the remaining contents into 1.5 mL Eppendorf tubes (to be used for protein 

assay). 
8. Count the amount of radioactivity in each vial using the scintillation counter. 
9. Adjust amount of radioactivity in each vial to respective sample’s protein content. 
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Appendix E) In Vitro BCKD Activity Assay 

 Materials and Methods  

• 6-well culture plate (Greiner Bio-one, #657165) 
• Clear tape  
• Filter paper wicks (1.3cm x 2cm) (VWR, #28298-020) 
• 2 M NaOH  
• Heat Incubator-Shaker  

• Differentiation Medium (DM) (AMEM (Wisent Inc. Cat #310-010-CL) 
supplemented with 2% horse serum (Gibco, 26050-088) and 1% Ab-Am (Wisent 
Inc., #450-115-EL)) 

• Krebs Ringer Phosphate Buffer (KRB)  
• 0.018M NaHPO4 (made from sodium phosphate dibasic (BioShop, #SPD307) and 

sodium phosphate monobasic (BioShop, #SPM306)). 
• 0.68% (w/v) NaCl (BioShop, #SOD004) 
• 0.045% (w/v) KCl (BioShop, #POC999) 
• 0.03% (w/v) MgSO4 (BioShop, #MAG513) 

• 1 mg of thiamine hydrochloride/well (working dilution: 1 mg per 856μl of KRB = 14mg 
per 12ml of KRB). Thiamine pyrophosphate binding to BCKD is required for the 
oxidative decarboxylation reaction to take place (376).  

• Reaction Mixture (working volume, 1ml (936.65 μL PBS, 43.35 μL valine (50 mg/mL 
stock), 20 μL 1-14C labelled valine). We used valine instead of leucine, as valine-derived 
KIV is the preferred substrate for BCKD (352).   

• Phosphate Buffer Saline (Wisent, #311-010-CL) 
• Valine 50 mg/mL mixture (Sigma Aldrich, #V0513) 
•  U-14C labelled valine (American radiolabelled chemicals, #ARC0678) 

• Lysis Buffer  

BCKD Activity Assay Procedure 

1. Inside the sterile hood aspirate medium from all the wells (6-well plate) and replenish 
with 200 µL/well of starvation medium. The starvation media contains vitamin B6, an 
important cofactor in the BCAT2 reaction, as valine needs to be transaminated to KIV, so 
it can be oxidatively decarboxylated by BCKD.    

2. Add 1 mg of thiamine hydrochloride (Sigma Aldrich, #T1270) per 856 µL of KRB. 
3. Move to radioactive bench in lab, immediately add 856 µL of KRB to each well  
4. Add 61 µL (0.12 μCi) of Reaction Mixture/well.  
5. Administer 60 μL of 2M NaOH to each filter paper wick, while they are anchored in 

place to the clear strip of tape.  
6. Place clear tape (mounted with filter paper wicks) across desired wells, ensuring wicks 

are centralized on all wells (Supplementary Figure 4A-D).  
7. Start to apply additional strips of clear tape, covering the remaining gaps and ensuring 

that each well is sealed. 
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8.  Place 6-well plate lid over top of the taped plate and tape the lid down.  
9. Place plate in heat incubator-shaker for 1 hour at 50 rpm and at 37.1oC.  
10. After 1 hour incubation, remove plate from heat incubator-shaker and bring to radiation 

bench. Using a small set of scissors, make an incision in the clear tape, just along the 
inside perimeter of the plate, and cut along the perimeter line along three sides 
(Supplementary Figure 5A-C).  

11. Peel back the tape, and using clean tweezers grab the wicks (Supplementary Figure 5D) 
and put them in the respective labelled scintillation vials filled with 3.5 mL of 
scintillation fluid.  

12. Aspirate the contents of each well, then rinse with PBS. 
13. Then add 100ul/well of lysis buffer.  
14. Harvest cells following typical cell harvesting protocol.  

 

Supplementary Figure 4: Images of In Vitro BCKD Assay Set Up 

Supplementary Figure 5: Images of In Vitro BCKD Assay wick removal 

Supplementary Figures 4 and 5 were taken from reference (242). 
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Appendix F) Ex Vivo BCKD Activity Assay 

Materials 
- Buffer 1 

o Potassium phosphate buffer (KPi) (30mM, pH 7.5). KPi is made from potassium 
phosphate dibasic (K2HPO4 salt) (BioShop, PPD555.1) and potassium phosphate 
monobasic (KH2PO4 salt) (BioShop, PPM302.1) 

o EDTA (3mM) 
o DTT (5mM) (Research Organics, #2190D-A101X) 
o Valine (1mM) (Sigma Aldrich, V0513) 
o FBS (3%) (Gibco, #12483-020) 
o Triton X-100 (5%) (MP Biomedicals, LLC, #M2528) 
o Leupeptin (1 µM) (Sigma Aldrich, #L2884) 

 
- Buffer 2 

o HEPES (50 mM) (Research Organics, #6003H) 
o KPi (30 mM) 
o CoA (0.4 mM) (Sigma Aldrich, #4282) 
o NAD+ (3 mM) (Sigma Aldrich, #N0632) 
o FBS (5%) 
o Thiamine (2 mM) (Sigma Aldrich, #T1270) 
o Magnesium Chloride2 (2 mM) (Sigma Aldrich, 7786-30-3) 
o Radiolabeled U-14C-Valine (7.8 µM) (American radiolabelled chemicals, 

#ARC0678) 

 
Procedure 
 
Potassium Phosphate Buffer (KPi) 

1. Make KPI Buffer (Making 100 mL) – 30 mM 
i. Start with 80 mL of ddH2O in the 200 mL sized beaker. 

ii. Add 107.96 mg of m potassium phosphate monobasic. 
iii. Add 384.37 6mg of potassium phosphate dibasic.  
iv. pH to 7.5 

2. Make the Buffer 1 (Make 25 mL) 
3. Add 15mL of the newly made KPI buffer into a new 50 mL tube. 
4. Add 150 µL of 0.5 M EDTA into the solution (3 mM) 
5. Add 125 µL of 1 M DTT into the solution (5 mM) 
6. In the -20 freezer, there is a valine stock that is 169014uM (25mg of valine per 1ml of 

ddH2O). Grab that and add 147.92uL into the solution (1 mM) 
7. Add 750uL of FBS into the solution (3%) 
8. Add 1250uL of Triton X-100 into the solution (5%) 
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9. In the -20oC freezer grab the leupeptin, there is a main stock of 10 mM and an Eppendorf 
tube that is diluted to 2.1 mM. Using the Eppendorf tube (2.1 mM), add 11.9uL into the 
solution (1 µM). 

10. Now top off the rest of the solution to make it 25 mL. Add 7565 µL of the KPI buffer we 
made (remember this is made in ddH2O. But remember we used 40uL of acid to pH, 
so we really add 7525 µL of KPI buffer)   

11. Store at 4oC fridge.  

 
Buffer 2 
 

1. Now Make Buffer 2 (Make 30 mL) 
2. Add 15 mL of KPi buffer made above. 
3. Add 357.5 mg of HEPES into the solution (50 mM) 
4. Add 9.2 mg of Coenzyme A into the solution (0.4 mM) 
5. Add 1.5 mL of Fetal bovine serum into the solution (5%) 
6. Add 20.24 mg of Thiamine into the solution (2mM) 
7. Add 12.2 mg of MgCl2 into the solution (3mM) 
8. Add 61.75 mg of NAD+ into the solution (3mM) 
9. Top up the solution to 20mLs for now. The day you use this buffer, you must add 

radioactivate valine (7.8 µM) and the remaining KPI buffer. This equated to 0.16 µL 
per sample. 

 

Once Buffer 1 and 2 are made. 

 

 
12.  Homogenize ~35mg of tissue sample with homogenizer (PRO200) at max speed in 

250µL of ice-cold Buffer 1 for 30 seconds in 15mL homogenization tubes bought from 
stores (these are too long for the homogenizer, must cut some off at the top).  

13.  Centrifuge the homogenized sample for 10 minutes at 10000 g at 4°C. 
14. Remove 50 µL of supernatant and add to 300µL of Buffer 2 in a 1.5mL Eppendorf tube. 
15. Administer 60 μl of 2 M NaOH to each filter paper wick (VWR, 28298-020). 
16. Tape the raised 2 M NaOH wick (blotting paper, VWR, 28298-020) attached to the inside 

of the lid of the Eppendorf tube, cap the tube, and tightly tape the seal shut to ensure no 
CO2 escapes. 

17. Place samples in a non-shaking incubator at 37.1°C for 30 minutes. 
18. The 14CO2 released from the BCKD reaction binds to the NaOH on the wick, forming 

NaHCO3 (Supplementary Figure 6). This wick is then placed in a scintillation vial with 
3.5 mL of scintillation fluid. This is read by a scintillation counter. 

19. 50 µL of the solution from the Eppendorf tube is added to a scintillation vial with 3.5 mL 
of scintillation fluid. This is read by a scintillation counter (total radioactivity) 

20. The remaining solution in the Eppendorf tube is used to determine protein concentration. 
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21. The radioactivity reading from the wick is divided by the radioactivity reading of the 
solution (total radioactivity) and the protein concentration.  

 

 

Supplementary Figure 6: Depiction of Ex Vivo BCKD Assay Set up  
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Appendix G) High Pressure Liquid Chromatography (HPLC) BCAA 
Protocol 

1.0 Materials: 
• Column (YMC-Triart 75 mm x 3.0 mm OD x 1.9 µm particle size) 
• Metal Ferrule (IDEX health & science, #VHP-321) 
• Metal tubing (IDEX Health & Science, #U-154) 
• Vials and lids (Supelco, #27080-U) 
• Vial Inserts (Supelco, #24716) 
• Phthaldialdehyde solution (OPA) – keep on ice.  

o Phthaldialdehyde salt (Sigma Aldrich, #P1378) 
o HPLC grade methanol (Fisher Chemical, #A-4524) 
o Brij 35 (Sigma Aldrich, #B4184) 
o 2-mercaptoethanol (Sigma Aldrich, #M6250) 
o 0.04 M sodium borate buffer 

• Micropipette (20-200µL) and tips (20-200µL) 
• Samples (keep on ice) 
• Saturated Potassium Borate Buffer (30 g of potassium borate into 800 mL of ddH2O, 

bring up to 1L, then add potassium borate until no more will dissolve) 
• Standards (made from Sigma Aldrich, #AAS18) 
• Phosphate buffered saline (PBS, Wisent Inc, #311-010-CL)) 
• 10% Trichloroacetic Acid (TCA) 
• 0.1N hydrochloric acid (HCl) 
• Sodium hydroxide (NaOH) 
• Buffer A (made in 1 L glass bottles in lab) 

o Potassium phosphate dibasic (K2HPO4 salt) (BioShop, PPD555.1) 
o Potassium phosphate monobasic (KH2PO4 salt) (BioShop, PPM302.1) 
o ddH2O  

• Buffer B (made in 1 L glass bottles in lab) 
o HPLC grade methanol (Fisher Chemical, #A-4524) 
o HPLC grade acetonitrile (Sigma, Aldrich, #34998) 
o ddH2O 

 
 
OPA (would recommend using it in the same week it was made):  
To make 5 mL (only need 20ul per sample) – make it in a 15mL test tube wrapped with 
aluminum foil as OPA is sensitive to light. 
1. Add 0.02g of OPA in 500 µL methanol (HPLC grade, found at stores) 
2. Add 120ul of Brij 35  
3. Add 20µL of 2-mercaptoethanol 
4. Add 4.48mL of 0.04M Sodium borate buffer (15.234g of sodium borate in 900mL of ddH2O, 
and then adjust to pH 9.5 with sodium hydroxide (NaOH)/hydrochloric acid (HCl) with pH 
reading machine in the lab and bring up to 1L).  
 
Buffer A:  20mmol/L (potassium) phosphate buffer (pH 6.5)  
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Required components. 

Component Mass Molarity 
K2HPO4 (mw: 174.2 g/mol) 1.175 g 0.0067 M 
KH2PO4 (mw: 136.086 g/mol) 1.804 g 0.0133 M 

1. Prepare 800 mL of ddH2O in a suitable container. 
2. Add 1.175 g of K2HPO4 to the solution. 
3. Add 1.804 g of KH2PO4 to the solution. 
4. Add ddH2O until volume is 1 L. 

Buffer B: HPLC-grade Acetonitrile/HPLC-grade Methanol/Water = 45%/40%/15%(v/v/v) 

2.0 Sample/Standard Preparation:  
 
1. Cell Harvesting 

• Wash myotubes in 6-well plates twice with 2 mL PBS 
• Harvest cells with 250 µL of 10% TCA (dilute from stock: #196057 from Millipore) 
• Mix up and down with micropipette to break down cell suspension. 

 
2. Sample Preparation  

• Centrifuge lysate at 2.3g for 15 minutes in 4oC 
• Next take lysate supernatant and neutralize in another set of test tubes as shown below. 

 
3. Sample Dilution  
Prepare sample/standard in 1:2:1:8 ratio. 
1: Sample/Standard (Standard: #AAS18, purchased from Sigma) 
2: Saturated Potassium Borate Buffer 
1: 0.1N HCl/10% TCA* 
8: ddH2O 
 
*Amino acid standard is made in 0.1 N HCl so add 10% TCA into standards, while samples are 
harvested with 10% TCA, so add 0.1N HCl into samples*.  
 
Make sure to have 4 standard curve points (0, 0.25, 0.5, 1.0) 
For 0 standard curve point: 1 part: ddH2O 2 part: saturated potassium buffer 1 part: 0.1N 
TCA 8 part: ddH2O 
For 0.25 standard curve point: first dilute amino acid standard 1-part amino acid standard, 3-
part ddH2O. Then 1 part: diluted amino acid standard 2 part: saturated potassium buffer 1 part: 
0.1N TCA 8 part: ddH2O 
For 0.5 standard curve point: first dilute amino acid standard 1-part amino acid standard, 1-
part ddH2O. Then 1 part: diluted amino acid standard 2 part: saturated potassium buffer 1 part: 
0.1N TCA 8 part: ddH2O 
For 1.0 standard curve point: 1 part: undiluted amino acid standard 2 part: saturated 
potassium buffer 1 part: 0.1N TCA 8 part: ddH2O 
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Ensure that samples are filtered before ran through the column. They can be filtered using a 0.2 
µM 1ml syringe filter (#83.1826.001 from Sarstedt). In the filtering process you lose a lot of 
sample, so prepare for this (dilute more sample to begin with).  
 
3.0 Protocol Parameters: 
Gradient Elution 
Flow rate: 0.8 ml/min 
Column temp: 35oC 
Sample Temp: 4oC 
Excitation-Emission: 350-450 nm 
Maximum Pressure: 18000 psi 
Injection volume: 1 µL 
Preferred Column: YMC-Triart 75 mm x 3.0 mm OD x 1.9 µm particle size 
Pretreatment: Go to Reagent and add 20µL (this is the OPA that’ll be put into sample in each 
vial – 1:1 ratio of OPA to sample, so add 20 µL of sample into each vial as well)  
 
4.0 Procedure 
 
1. Turn on all the machines on the HPLC except the UV detector. 
2. Turn on the computer and choose the software “lab solutions”, go to instruments and pick 

“HPLC RF”, as we are running a fluorescent detection protocol not UV.  
3. Next set the gradient as shown in Supplementary Figure 7. 
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Supplementary Figure 7: Gradient Set up 
 

4. Set the temperature under the “column oven” subheading to 35oC. 
5. Next under the “detector A” subheading put 350 for excitation and 450 for emission. 
6. Under the “autosampler” subheading, click “pre-treatment” and click on “reagent”. Tick the 

box “Reagent 1” and make the volume 20 µL, then press “apply to pre-treatment program”. 
Also choose the vial number you want to keep the OPA vial in. This will mix the OPA with 
each sample before it runs through the machine.  

7. Next you want to purge the line with your mobile phases (Buffer A + B).  
a. Under the subsection “pump” set solvent B to 100% in the computer, solvent C 

and D are 0%. Open the pump on the liquid chromatograph machine and press 
purge on this machine. Lift line B from the solution it was kept in, when you see 
an air-bubble in the solvent B line you put the line in your desired Buffer B.  

b. Then purge line A. Make solvent B value to 0%, solvent C and D to 0% on the 
computer (this means A is 100%). Open the pump on the liquid chromatograph 
machine and press purge, then lift line A from the solution it was kept in, when 
you see an air-bubble in the solvent A line, put the line in your desired Buffer A. 
 

c. While the machine is purging your buffers, attach the metal ferrules on both ends 
of metal tubing that you have. Put one end into place holder connecting the tubing 



 219 

from the autosampler into the oven. Put the other end into our column (use a 
wrench and tighten ferrules into column/place holder). 

d. Into other end of the column put the plastic ferrule and the red tubing that comes 
from the fluorescence detector (above the oven) down to the oven. 

e. Once column is in place and both lines are purged, put 5% solvent B on the 
computer, and close the pump on the machine. Then press pump on the machine 
so it runs through the whole machine and your column now. Once the pressure is 
stabilized (usually around 6500-7000psi), your samples are ready to load.  

 
8. Put OPA (20 µL per sample and with a bit of safety) into a vial with no insert and put it in 

the autosampler vial container (put it in the same vial number as chosen in step 6).  
9. Put inserts into vials for sample vials. 
10. Put in standards and samples (20 µL) into the respective sample vials and insert into vial 

container. Put this vial container in the autosampler unit, you should hear a click noise if 
inserted correctly. 

11. Then on the computer, go to “data acquisition” on the left side panel and choose “quick 
batch” and add your samples to the queue.  

12. Name your samples by your conditions and ensure the injection volume is set to 1 µL for 
each sample.  

13. Save the data file to the computer to access once the run is done. 
14. Now press run.  
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Appendix H) High Pressure Liquid Chromatography (HPLC) BCKA 
Protocol 

1.0 Materials: 
• Column (Intersil ODS-4 100mm x 2.1mmOD x 2um particle size (Gl Sciences, #IN5020-

81204) 
• Metal Ferrule (IDEX Health & Science, #VHP-321) 
• Metal tubing (IDEX Health & Science #U-154) 
• Vials and lids (Supelco, #27080-U) 
• Vial Inserts (Supelco, #24716) 
• 1,2-diamino-4,5-methylenedioxybenzene (DMB) (Sigma Aldrich, #66807) – keep on ice.  

o Sodium sulfite (BioBasic, #7757-83-7) 
o 2-mercaptoethanol (Sigma Aldrich, #M6250) 
o Concentrated HCl (Sigma, Aldrich, 258148-2.5L-GL) 
o Double distilled water 

• Micropipette (20-200µL) and tips (yellow: 20-200µL) 
• Samples kept on ice 
• 0.1N hydrochloric acid (HCl) 
• Sodium hydroxide (NaOH) 
• Buffer A (made in 1 L glass bottles in lab) 

o HPLC grade methanol (30%) (Fisher Chemical, #A-4524) 
o ddH2O (70%) 

• Buffer B (made in 1 L glass bottles in lab) 
o 100 % HPLC grade methanol (Fisher Chemical, #A-4524) 

DMB solution was prepared by adding 1.6 mg of DMB to 1.0 mL of solution, which contained 
4.9 mg of sodium sulfite, 70 µL of 2-mercaptethanol, and 58 µL of concentrated HCl in 0.87 mL 
of double distilled H2O. This is made in a 15 mL tube that is covered in aluminum foil as it is 
light sensitive. 
 
Buffer A: 30% methanol/70% ddH20 (v/v) 
Buffer B: 100% methanol 
 
2.0 Sample/Standard Preparation:  
 
Sample Neutralization  
Prepare sample/standard in 1:2:1:8 ratio. 
1: Sample/Standard  
2: Saturated Potassium Borate Buffer 
1: ddH2O/homogenization buffer* 
8: ddH2O 
 
*Sample was tissue homogenized in homogenization buffer, so the standard receives 1 part 
homogenization buffer, while standard was made in ddH2O, so sample receives 1 extra part 
ddH2O instead of homogenization buffer 
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Standards are made using KIC (Sigma Aldrich, #K0629), KIV (Sigma Aldrich, #198994), and 
KMV (Sigma Aldrich, #K7125) salts in the lab.  
Dissolved each BCKA with 25mg/ml. Then did a 1:10000 dilution (equivalent to about 19.2uM 
for KIC and KMV, and 21.53uM for KIV). If not diluted, then the peaks are oversaturated. To 
create a standard curve, dilute further 2-fold (0.5) and 4-fold (0.25). Just HPLC-grade water is 
used as the 0 point in the standard curve.   
 
Ensure that samples are filtered before ran through the column. They can be filtered using a 0.2 
µM 1 ml syringe filter (#83.1826.001 from sarstedt). In the filtering process you lose a lot of 
sample, so prepare for this.  
 
  
3.0 Protocol Parameters: 
Gradient elution was performed as follows: 0 min 0% B, 3.33 min 0% B, 5 min 50% B, 17.34 
min 50% B (The remaining % is automatically buffer A in the software, for example 50% B is 
also 50% A, 0% B is 100% A) 
Flow rate: 0.2 ml/min 
Column Temp: 40oC 
Sample Temp: 4oC 
Excitation-Emission: 367-446 
Maximum Pressure: 18000psi 
Injection volume: 5 µL 
Preferred Column: Intersil ODS-4 100mm x 2.1mmOD x 2 µm particle size 
Pretreatment: 40 µL of DMB solution is added to 40µL of standard/sample and then heated at 
85oC for 45 minutes on the heating block in the lab then cooled on ice for at least 5 minutes. 
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Appendix I) Cell Culture Transfection  

RNAi Gene Silencing Materials  

• Opti-MEM (Life technologies, #31985070) 	
• Lipofectamine RNAiMAX reagent (Life technologies, #13778-150) 	
• siRNA scramble (Sigma Aldrich, #SIC001) and BDK (Sigma Aldrich, #NM019244) or 

siRNA of choice. 	
• Differentiation Medium (DM) without antibiotics - AMEM (Wisent Inc., #310-010- CL) 

supplemented with 2% horse serum (Gibco, 26050-088)	
• Differentiation Medium (DM) with antibiotics (AMEM (Wisent Inc. Cat # 310-010-CL) 

supplemented with 2% horse serum (Gibco, 26050-088) and 1% Ab-Am (Wisent Inc., 
#450-115-EL))	

• 15 ml polypropylene conical tubes (BD Falcon, #372096) 	
• 6 well plates (Cellstar, #657160) or 12 well plates (Falcon, #353043)	

Procedures:  
On day 3 of differentiation, L6 myotubes (in 6 well and 12 wells) transfection was carried 
out below.  

1. In the cell culture hood, prepare three 15 ml tubes and label as “A”, “B” and “C”  

Test Tube A: Lipofectamine + Opti-MEM  

Test Tube B: Scramble siRNA + Opti-MEM  

Test Tube C: BDK (or siRNA of choice) siRNA + Opti-MEM  

2. Add 118 μL of Opti-MEM and 7 μL of Lipofectamine to tube “A”.  
3. Add 3 μL of scramble siRNA and 122 μL of Opti-MEM to tube “B”.  
4. Add 3 μL of BDK siRNA and 122 μL of Opti-MEM to tube “C”.  
5. Add equal amounts of test tube A to test tube B and C in 1:1 ratio. (For example, 125 μL 

of test tube A into 125 µl of test tube B and 125 µl of test tube C). 
6. Wait at least 5 minutes.  
7. While waiting, add 1 mL/well of GM without antibiotics to each well of a 6 well plate 

(would be 500 μL for a 12 well plate).  
8. Add 250 μL/well of test tube B or C into respective wells of 6 well plate (125 μL /well 

for 12 well plate). 
9. Following 24 hours (day 4 of differentiation), add 1 mL/well of GM (with antibiotics) to 

each well of a 6 well plate (would be 500uL for a 12 well plate).  
10. On day 5 of differentiation 6 wells were harvested for immunoblotting and HPLC, and 12 

wells were used for glucose transport assay.  
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Appendix J) Area Under the Curve Analysis  

Supplementary Figure 8: Area under the curve for figure 5.2A for only timepoints 0-
60min. 

Supplementary Figure 9: Area under the curve for figure 6.1N for only timepoints 0-
30min.  
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