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Abstract 

There is a reciprocal relationship between glucose and fatty acid oxidation. Over nutrition or obesity causes perturbation in 

this reciprocal metabolic interrelationship leading to “metabolic inflexibility” resulting in mitochondrial dysfunction 

causing insulin resistance. Excess fat intake in obesity results in an inhibition of fatty acid oxidation in the adipose tissue 

accompanied by increased BCAA catabolism in skeletal muscle. This results in an increase in the levels of acyl carnitines 

which impair insulin action. It is suggested that serum acyl carnitine levels could therefore be taken as markers of insulin 

resistance. 
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1. Introduction 

Oxidation of carbohydrates, fats and proteins produce 

acetyl Co. A. Whose oxidation result in the formation of 

NADH, FAD. 2H which by oxidative phosphorylation 

produce energy in the form of ATP.(Stage I to III depicted in 

the Fig 1.). 1 These processes take place in mitochondrial 

matrix, inner mitochondrial membrane apart from the 

mitochondrial proteins present in outer mitochondrial 

membrane as carriers or transporters. Therefore, the 

structure, function and its content in a tissue determine the 

oxidizing potential of a specific tissue linking carbohydrates, 

lipid and protein metabolism. A co-ordinated interplay 

between the tissues in whole body metabolism are regulated 

by insulin and its counter regulatory hormones particularly 

glucagon or epinephrine and cortisol. A disconnect between 

these metabolic activities may be due to loss of hormonal 

action or vice-versa. For example an excess of fat intake 

may result in accumulation of intramyocellular triglycerides 

and its metabolites, such as long-chain fatty acyl-CoAs. An 

increase in the levels of long chain fatty acyl Co As is 

reported to cause impaired insulin signaling and insulin 

resistance 2. This effect of high fat intake seen in obesity or 

type 2 diabetes (T2DM) is associated with possibly a defect 

in mitochondrial structure or in density which may be 

associated with skeletal muscle experiencing insulin 

resistance or insulin inaction. It may lead to oxidative stress 

releasing more super oxide anions which impair or 

aggravate insulin resistance.  

Recent studies have shown that increased fatty acid 

oxidation in muscle in response to high-fat intake is 

associated with concomitant increase in TCA cycle activity. 

Such a disconnect between fatty acid oxidation and TCA 

cycle will results in accumulation of incompletely oxidized 

fatty acids in the mitochondrial matrix. This will result in 

mitochondrial matrix stress and interfere with insulin action. 

Therefore in this short review an attempt has been made to 

bring out the role of mitochondrial dysfunction causing an 

imbalance between adipose tissue, skeletal muscle and liver 
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metabolism orchestrated by insulin and its counter 

regulatory hormones.
3-5

 

2. Insulin Resistance (IR) 

Insulin resistance can be defined as resistance to insulin 

action on metabolism of carbohydrates and lipids. It 

influences glucose uptake, metabolism and storage. In other 

words it promotes uptake of glucose in skeletal muscle and 

adipose tissue through Glucose transporter 4 (GLUT 4). It 

promotes glycogenesis in muscle and liver and also 

glycolysis to provide energy. Insulin also promotes 

lipogenesis and inhibits lipolysis. Its action involves 

induction of lipoprotein lipase activity (LPL) which breaks 

down chylomicrons or VLDL attached triglycerides into 

fatty acids and Lipoprotein remnants. The liberated fatty 

acids are taken up by the adipose tissue and stored as 

triglycerides. It inhibits lipolysis by inactivating Hormone 

sensitive lipase (HSL) the key enzyme of triglyceride 

breakdown. It promotes fatty acids synthesis by activating 

acetyl co A carboxylase, the key enzyme of fatty acid 

synthesis. The increased formation of malonyl Co A during 

fatty acid synthesis inhibits the uptake of fatty acids into 

mitochondria by inhibiting carnitine shuttle involved in fatty 

acid transport. (inhibits carnitine palmityl transferase I 

(CPAT I). 
1
 General metabolic effects of insulin and 

glucagon actions are depicted in Fig.2. 

2.1. The Mechanism of Insulin Action 

The mechanism of action of insulin involves the binding 

of insulin to insulin specific receptors activating tyrosine 

kinase activity intrinsic to Beta chains of insulin receptor. 

This in turn activate insulin receptor substrates (IRS I and 2) 

by phosphorylation of multiple tyrosine residues. These 

phosphorylated tyrosine residues become docking sites for 

many proteins including the regulatory subunit of 

phosphoinositide 3' kinase (PI3K). Functional defects in 

insulin resistance may be due to impaired insulin signaling 

in all three target tissues i.e. in adipose tissue, skeletal 

muscle and liver. In both muscle and adipocytes, insulin 

binding to its receptor, receptor phosphorylation and 

tyrosine kinase activity, and phosphorylation of IRSs are 

reduced. Recent studies have indicated that defective 

signaling from the insulin receptor is an important 

component of insulin resistance associated with obesity in 

humans.  

There are also tissue-specific alterations observed in 

adipocytes of obese humans, IRS-1 expression is reduced, 

resulting in decreased IRS-1-associated PI3K activity, and 

IRS-2 becomes the main docking protein for PI3K.
6
 

In contrast, in skeletal muscle of obese individuals, IRS-1 

and IRS-2 protein levels are normal but PI3K activity 

associated with both IRSs are impaired.
7
 

2.2. Metabolomic Profiling Studies 

The introduction of metabolic profiling of biochemical 

parameters (Metabolomics) has resulted in trying to 

understand the role of proteins, particularly amino acids in 

developing insulin resistance (IR). It has been shown that 

branched chain amino acids (BCAA) have a special role in 

the interaction between glucose, fatty acid and α- keto acid 

derivatives’ oxidation and utilization.
8, 9

 

2.3. Effect of Diet and Dietary Components- 

a Reciprocal Relationship between 

Carbohydrate and Lipid Metabolism 

Diet and dietary components’ effect on whole body 

metabolism is regulated by insulin and its counter regulatory 

hormones (glucagon, epinephrine and cortisol). The 

secretion and release of these hormones are usually 

dependent on the continued feed-starve stimulus on islet 

cells (β and α cells). 
10

 

During starvation the increased glucagon levels causes an 

increase in lipolysis releasing free fatty acids into the 

circulation which is oxidized to provide energy to the 

peripheral tissues including skeletal muscle. The 

intermediates of fatty acid oxidation inhibit glycolytic 

enzymes and therefore glucose oxidation and its utilization. 

During the fed state insulin will promote lipogenesis and 

fatty acid synthesis. The high levels of malonyl Co A the key 

metabolite of fatty acid synthesis will inhibit fatty acid 

oxidation and vice-versa. This reciprocal relationship help to 

maintain and balance glucose and lipid metabolism.
11,12

.  

2.4. Over Nutrition and Metabolic 

Inflexibility 

Over nutrition or obesity causes perturbation in reciprocal 

metabolic interrelationship leading to “metabolic 

inflexibility” resulting in mitochondrial dysfunction causing 

insulin resistance. (Fig 3. ) 13 

2.5. Excess Fat and Sloth 

An excess accumulation of fat accompanied by a 

sedentary lifestyle (Sloth) is reported to bring about a 

disconnect between fatty acid oxidation and TCA 

cycle.(Fig.4) This causes an accumulation of lipid 

intermediates like acyl carnitines which impair insulin 

action.
8,14

  

 

Fig 1. Acetyl Co.A production, oxidation and production of Energy in the 

form of ATP. 
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Fig 2. Metabolic Effects of Insulin and glucagon ( stimulates; inhibits ). 

 

Fig 3. Metabolic Relations and its impairment in Obesity leading to 

alternate pathways to influence insulin action. 

2.6. Branched Amino Acids( BCAA) 

Most of the amino acids can be transaminated and 

degraded in the liver effectively, with the exception of 

BCAA’s (Valine, Leucine and isoleucine). Large  

percentages of the BCAA are oxidized by the muscle tissue 

and some by adipose tissue 
15

 The liver oxidizes α-keto acid 

derivatives formed from BCAA catalyzed by mitochondrial 

dehydrogenase and branched-chain keto acid dehydrogenase 

(BCKADH).(Fig.5) 

2.7. Mitochondrial Stress-Accumulation of 

Acyl Carnitines 

With mitochondrial stress and inhibition of active fatty 

acid oxidation, BCAAs like valine and isoleucine are 

transaminated and catabolized liberating increased levels of 

propionyl Co A which gets converted to succinyl Co A 

flooding the TCA cycle with intermediates (anaplerosis). 

Increased levels of propionyl Co A and succinyl Co A 

allosterically inhibit citrate synthase which in turn inhibits 

glucose oxidation and its utilization causing glucose 

intolerance.
16

 Excess fat intake in obesity results in 

inhibition of fatty acid oxidation in the adipose tissue 

accompanied by increased BCAA catabolism in skeletal 

muscle. Propionyl Co A and succinyl Co A accumulation 

cause succinylation of mitochondrial proteins which 

hampers the cross talk between glucose, fatty acid and 

BCAA oxidative pathway. This expands the serum pool of 

BCAA which spills into other tissues including skeletal 

muscle generating more of C3 and C5 acyl carnitines. (Figs 

4, 5.)
17

 There is now considerable evidence to show the 

connection between BCAA metabolism and insulin 

resistance in obese and diabetic patients.
18, 19

 Therefore 

accumulation of C3 and C5 acyl carnitines in plasma could 

be taken as a marker of insulin resistance. (Figs.6) 

3. Conclusion 

In general obesity, sedentary life style, aging, genetics, 

glucotoxicity and increase in free fatty acids are considered 

to cause IR. Now it is seen that branched amino acid 

metabolism and its defect could also result in IR>  

Though .few studies are available about the role of BCAA 

metabolism in obesity and obesity-related disorders it will 

be worthwhile to study the role of BCAA metabolism in a 

cross section of population with different geographical, 

cultural and life styles.  Further studies may also help to 

define the possible role of acyl carnitines as biomarkers of 

IR and their overall effect on whole body metabolism in 

health and disease. 

 

Fig 4. High Fat Diet and Life style influence on Glucose and Fatty Acid 

Oxidation. 
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Fig 5. Over nutrition related to obese subjects, circulating branched-chain 

amino acids (BCAA) rise, leading to increased flux of these amino acids 

through their catabolic pathways. 

 

Fig 6. Increased catabolism of branched chain aminoacids (BCAA) and 

loading of succinyl Co A into TCA cycle. 

 

Fig 7. Possible causes of insulin resistance. 
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