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Definition 

• Beta-Oxidation may be defined as the  oxidation of fatty acids on 
the beta-carbon  atom. 

• This results in the sequential removal of a two  carbon fragment, 

acetyl CoA. 

• Fatty acids are oxidized by most of  the  tissues in the body. 

• Brain, erythrocytes and adrenal medulla  cannot utilize fatty acids 
for energy  requirement. 
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• β-oxidation of fatty acid- The break down of a  fatty acid to 

acetyl-CoA. 

 
• Occurs in the mitochondria 

 
• Process is strictly aerobic 

 
• After production Acetyl-CoA is fed directly into the  Krebs cycle 
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• The beta oxidation of fatty acids involve  three stages: 
 

1.Activation of fatty acids in the cytosol 

2.Transport of activated fatty acids into  mitochondria 

(carnitine shuttle) 

3.Beta oxidation proper in the mitochondrial  matrix 
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• Each cycle of  β -oxidation, liberating a two  carbon unit-

acetyl CoA, occurs in a  sequence of  four reactions 

 
1. Oxidation 

2. Hydration 

3. Oxidation 

4. Cleavage 
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The first reaction is the oxidation of acyl CoA by  an acyl CoA 
dehyrogenase to give α-β  unsaturarted acyl CoA (enoyl CoA). 

FAD is the hydrogen acceptor. 
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The second reaction is the hydration of the  double 
bond to β-hydroxyacyl CoA (p-  hydroxyacyl 
CoA). 
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• The third reaction is the oxidation of β-  hydroxyacyl CoA to 
produce β-Ketoacyl CoA a  NAD-dependent reaction. 
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• The fourth reaction is cleavage of the two  carbon 
fragment by splitting the bond  between α and β 
carbons 

• By thiolase enzyme. 
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Oxidation of  palmitoyl CoA 

 
• Palmitoyl CoA + 7 CoASH + 7 FAD + 

7 NAD+  + 7 H2O 8 Acetyl CoA + 7  FADH2 + 7 

NADH + 7H+ 

• Palmitoyl CoA undergoes 7 cycles of ɓ -  oxidation to 
yield 8 acetyl CoA. 

 
• Acetyl CoA can enter citric acid cycle and  get 

completely oxidized to CO2 and H2O. 
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Energetics of β -oxidation 

Mechanism ATP yield 

I. -̡ 0xidation 7 cycles 

7 FADH2 [Oxidized by electron transport Chain (ETC) 14 

each FADH2 gives 2 ATP ] 

7 NADH (Oxidized by ETC, each NADH 21 

Liberate 3A TP) 

II. From 8 Acetyl CoA 

Oxidized by citric acid cycle, each acetyl CoA  provides 12 A 

TP 

 
96 

Total energy from one molecule of palmitoyl CoA 131 

Energy utilized for activation -2 

(Formation of palmitoyl Co A) 

Net yield of oxidation of one molecule of palmitate =129 
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• Oxidation of  odd chain fatty acids is similar  to that of  even 

chain fatty acids. 

• At the end 3 carbon unit, propionyl CoA is  produced. 

• Propionyl CoA is converted into succinyl  CoA. 

• Succinyl CoA is an intermediate in TCA cycle 
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Propionyl CoA  

carboxylase 

CO2 + ATP ADP + Pi 

CH2 − C ~ S − CoA 

CH2 − COOH Methylmalonyl CoA  

isomerase, cobamide 

COOH 
| 

H − C − CH3 

| 
C ~ S − CoA 
|| 
O 

D-Methylmalonyl CoA 

Methylmalonyl 
CoA racemase 

||  
O 

Succinyl 

CoA 

COOH 
| 

H3C − C − H 
| 

C ~ S − CoA 
|| 

O 
L-Methylmalonyl CoA 

O 
|| 

CH3 − CH2 − C ~ S − CoA 

Propionyl CoA 



• Oxidation of  fatty acids on α-carbon atom is  known as α-
oxidation. 

• In this, removal of  one carbon unit from the  carboxyl end. 

• Energy is not produced. 

• No need of  fatty acid activation & coenzyme A 

• Hydroxylation occurs at α-carbon atom. 

• It is then oxidized to α-keto acid. 

• This, keto acid undergoes decarboxylation,  yielding a 
molecule of  CO2 & FA with one  carbon atom less. 

• Occurs in endoplasmic reticulum. 

• Some FA undergo α - oxidation in  peroxisomes 
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Omega- oxidation 

• Minor pathway, takes place in microsomes. 

• Catalyzed by hydroxylase enzymes involving  NADPH & 
cytochrome P-450. 

• Methyl (CH3) group is hydroxylated to CH2OH  & 

subsequently oxidized with the help of   NAD+ to COOH group 

to produce  dicarboxylic acids. 

• When ɓ-oxidation is defective & dicarboxylic  acids are 
excreted in urine causing  dicarboxylic aciduria. 
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Knoop’s experiments 

‒CH2‒(CH2)2n‒COOH ‒CH2‒COOH 

Phenylacetic acid 

‒CH2‒(CH2)2n+1‒COOH ‒COOH 

Oxidation of a fatty acid having an even  number of 
carbon atoms 

Benzoic acid 

Oxidation of a fatty acid having an odd  number of 
carbon atoms 
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·The availability of fatty acids influences beta  oxidation. 

·Glucagon  by activating hormone sensitive  lipase 
increases FFA level in blood 

·Insulin inhibits  Beta oxidation  by inhibiting  this  enzyme. 

·Malonyl CoA inhibits CAT-1 activity. 

REGULATION 
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KETONE BODIES 

• INTRODUCTION 
• Ketone bodies are metabolic products  that are produced in excess during  excessive 

breakdown of fatty acids. 
• Acetoacetate, acetone and β-  hydroxybutyrate are collectively  known as ketone 

bodies (acetone  bodies). 
• Only the first two are true ketones  while β-hydroxybutyrate does not  possess a keto 

(C=O) group. 
• Ketone bodies are water-soluble and energy yielding. 

O 

CH
3 
– C – CH

3 

Acetone 

O 

CH
3 
– C – CH

2 
– COO

- 

Acetoacetate 

OH   

CH
3 
– CH – CH

2 
– COO

- 

β-Hydroxybutyrate 
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SIGNIFICANCE OF KETONE BODIES 

ÇAlternate source to glucose for energy needs 
• Ketone bodies represent an alternative to glucose for the provision of energy  to the cells. 

ÇProduction of ketone bodies under conditions of  cellular energy 
deprivation 

• Ketone bodies are produced when excessive fatty acids are being oxidized  (because of increased 
adipose tissue lipolysis) and glucose availability to the  cells is limited. 

• Such situations are seen in conditions such as diabetes mellitus and starvation. 

ÇUtilization of ketone bodies by the brain 
• Brain normally utilizes glucose for energy needs. 

• Although ketone bodies cannot completely replace glucose for energy needs in  the brain, brain gets 
adapted to oxidize ketone bodies during prolonged fasting  and starvation. 
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KETOGENESIS 

ÇDEFINITION  
• The process of the formation of ketone bodies is collectively called as 

ketogenesis. 
 
ÇTISSUES  
• Ketone bodies are synthesized only in liver. 
 

ÇLOCALIZATION OF REACTIONS  
• The synthetic reactions occur in mitochondria since enzymes are localized in  the 

mitochondria. 
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• The reactions of this pathway are: 
1. Formation of acetoacetyl CoA 

Two molecules of acetyl CoA condence to form acetoacetyl CoA. 
This reaction is catalyzed by thiolase, an enzyme involved in the final step of β-  oxidation. 

2. Formation of β-hydroxymethyl glutaryl CoA 

• Acetoacetyl CoA combines with another molecule of acetyl CoA to produce  β-hydroxy β-methyl 
glutaryl CoA (HMG CoA). 

• HMG CoA synthase, catalysing this reaction, regulates the synthesis of  ketone bodies. 

3. Formation of acetoacetate 
• HMG CoA lyase cleaves HMG CoA to produce acetoacetate and acetyl CoA. 

4. Formation of ̡ -hydroxybutyrate 
• Acetoacetate can undergo spontaneous decarboxylation to form acetone. 

5. Formation of acetone 
• Acetoacetate can be reduced by a dehydrogenase to β-hydroxybutyrate. 
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REGULAITION OF KETOGENESIS 

• Ketogenesis is regulated mainly by: 
1. Substrate availability 
• Increased ketogenesis occurs when there is excessive availability of fatty acids for  

oxidation. Thus, increased ketogenesis occurs during starvation or diabetes 
mellitus. 
 

2. Availability of ATP 
• Increased β-oxidation results in more production of ATP through citric acid cycle 

in  liver. 
• This results in increased availability of acetyl CoA for ketogenesis. 

 
3. Induction of HMG CoA synthase 
• HMG CoA synthase is the rate limiting enzyme in ketogenesis. 
• The synthesis of HMG CoA synthase is stimulated by fasting, increased intake of fat 

and  diabetes mellitus. 
• Fatty acids are strong inducers of HMG CoA synthse. 
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UTILIZATION OF KETONE BODIES(KETOLYSIS) 

• Ketone bodies are utilized for energy needs in the extrahepatic tissues 
such as brain, heart, skeletal muscle and kidney. 

• The two ketone bodies-acetoacetate and β-hydroxybutyrate serve 
as  important sources of energy for the peripheral tissues. 

• The tissues which lack mitochondria (e.g. erythrocytes) however, 
cannot  utilize ketone bodies. 

• During prolonged starvation, ketone bodies are the major fuel source 
for 
the brain and other parts of CNS. 

• The ketone bodies can meet 50-70% of the brain’s energy needs. 
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Liver 
Blood Extrahepatic tissues 

Acetyl CoA 

Ketone bodies Ketone bodies Ketone bodies 

FFA Acetyl CoA 

TCA cycle 

Acetone in  

breath 

Ketone  bodies   

in urine 
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ÇDEFINITION 
• Ketosis is a disorder of excessive production of ketone bodies. 

ÇCAUSE 
• Excessive ketone bodies are produced mainly in two conditions: 

1. Starvation (carbohydrate deprivation) 
2. Uncontrolled diabetes mellitus (impaired uptake of glucose by the peripheral 

tissues). 

ÇBIOCHEMICAL AND CLINICAL FINDINGS 
• The important features of ketosis are ketonemia, ketonuria, acetone odor of  breath, 

metabolic acidosis and hyperkalemia. 

1. Ketonemia 
• In ketosis, the plasma concentration of ketone bodies is well above normal  limits. The 

condition is called ketonemia. 

2. Ketonuria 
• When the concentration of ketone bodies significantly increased (above 

70mg/dl) in plasma, they appear in urine. The condition is called ketonuria. 
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3. Acetone in breath 

• Acetone is also excreted by the lungs and produces a characteristic odor in breath 
(acetone odor of breath). 

4. Metabolic acidosis 
• Metabolic acidosis is caused by excessive accumulation of β-hydroxybutyrate and  

acetoacetate. 
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• Diabetes mellitus: 

• Untreated DM is the most common cause. 

• DM is associated with insulin deficiency,  causes the accelerated 

lipolysis & more fatty  acids are released into circulation. 

• Oxidation of these FA increases Acetyl CoA. 

• Enhanced gluconeogenesis restricts the  oxidation of acetyl 

CoA by TCA cycle. 

• Since availability of oxaloacetate is less. 

• Finally, acetyl CoA is diverted for ketone  bodies synthesis in 

DM. 



• In starvation, the dietary supply of glucose is  decreased in 

starvation. 

• Starvation is accompanied by increased  degradation 

of fatty acids. 

• During prolonged starvation, ketone bodies 

are the major fuel source for the brain &  other parts of 

central nervous system. 



• Available oxaloacetate is channeled to  

gluconeogenesis. 

• Increased rate of lipolysis is to provide  alternate 

source of fuel. 

• The excess acetyl CoA is converted to ketone  bodies. 

• The high glucagon favors ketogenesis. 

• The brain derives 75 % of energy from ketone  bodies under 

conditions of fasting. 
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• Hypermesis (vomiting) in early pregnancy may also  lead to starvation-like 

condition & may lead to  ketosis. 

Ketones in your urine may be a sign that you and your baby are not 
getting enough energy fuel in your diet. Ketones and your baby. 
Some studies have shown that excess ketones 
in a pregnant woman's urine may affect developing brain cells and 
lead to babies with a lower IQ and future learning disabilities 
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It reduce glucose availability and lead to hypoglycemia and increased reliance on 
fatty acid and ketone metabolism. An additional stressor such as vomiting or 
dehydration can cause an increase in  such as 
glucagon, cortisol and growth hormone which may further increase free fatty acid 
release and ketone production.  

The excess of alcohol requires an excess of NAD to 
process, in turn generating an excess of NADH; the 
reduced NAD+:NADH ratio favours conversion of 
acetoacetate into beta-hydroxybutyrate, and 
inhibits the reverse conversion. Ergo, in alcoholic 
ketoacidosis the ketone body ratio is significantly 
skewed in favour of beta-hydroxybutyrate. So much 
so, in fact, that one can use the hepatic levels of 
beta-hydroxybutyrate to 

.  

https://en.wikipedia.org/wiki/Counterregulatory_hormone
https://en.wikipedia.org/wiki/Counterregulatory_hormone
https://en.wikipedia.org/wiki/Counterregulatory_hormone
http://www.ncbi.nlm.nih.gov/pubmed/10855969
http://www.ncbi.nlm.nih.gov/pubmed/10855969
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VSubcellular organelle 

VSource of carbon atoms 

sivaranjani 

- Cytoplasm (extra-mitochondrial) 

- Acetyl CoA 

- NADPH 

- ATP 

VSource of reducing equivalent 

VSource of energy 

VSite :- 

Liver, adipose tissue, kidney, brain and mammary glands 

üSource of fatty acids :-  

Exogenous - Diet (major) 

Denovo / Endogenous - Pathway operates – excess of caloric in  
the diet – fatty acids are synthesized – and stored as  
Triacylglycerol (TAG) 
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• Stages of fatty acids synthesis 

 
Ç Production &Transport of Acetyl CoA and NADPH 

into cytoplasm. 

 
Ç Conversion of Acetyl CoA to Malonyl CoA. 

 
Ç Reactions of Fatty acid synthase complex. 
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Transport of Acetyl  CoA to  cytoplasm  

sivaranjani 

üAcetyl CoA is produced in the mitochondria by the oxidation of pyruvate  

and fatty acids, degradation of carbon skeleton of ketogenic amino acids. 

üBecause it is impermeable, Acetyl CoA is converted to citrate  and  

transported to cytoplasm. 

üThis transport is coupled with the cytosomal production of NADPH and 

CO2 which is also required for FA synthesis. 
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Acetyl - CoA 

Pyruvate  

AAs  

Fatty  acids 

PDH 

Mitochondria  Cytoplasm 

Oxaloacetate  

Citrate  

ATP Citrate  
synthase  

NAD+  

Pyruvate  

NAD H+H 

NADP+ 

NADPH+H 

Malate  DH 

Malate  

Malic  
enzyme 

Tricarboxylic  
acid transporter 

Citrate  

Acetyl - CoA 

Oxaloacetate  

ATP 
Citrate  
lyase  

Malate  

NAD+  

NADH+H  
Malate  DH 

Pyruvate  

NADP+ 

NADPH+H  CO2 
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Conversion of Acetyl CoA to Malonyl CoA / Carboxylation of  
Acetyl CoA 

(3C) Malonyl - CoA ADP+Pi 

=
 

- OOC- CH2- C- SCoA 

O =
 

Biotin  

Acetyl CoA carboxylase  O 

CH3- C- SCoA + CO2 

(2C) Acetyl - CoA 

Acetyl CoA carboxylase is the rate limiting enzyme of this pathway. 

ATP 

sivaranjani 
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Fatty Acid Synthase (FAS) Complex 

• exists as a multi-enzyme complex 
• The enzymes form a dimer with identical subunits 
• Each subunit is organized into 3 domains with 7 enzymes 
• Subunits independently operate & both synthesize FA simultaneously 

subunits lie in Antiparallel (head to tail) orientation 
 
ü1st Domain or Condensing Unit - initial substrate binding site 

Beta-keto acyl synthase or Condensing enzyme (CE); Acetyl transferase (AT) 
and Malonyl trans acylase (MT) 

ü2nd  Domain or Reduction Unit - Dehydratase (DH); Enoyl reductase  

(ER); Beta-keto acyl reductase (KR) and Acyl carrier protein (ACP) 

ü3rd Domain or Releasing Unit - release the FA synthesised. 
Thio-esterase (TE) or Deacylase 
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FAS complex 

Cys 

Cys pantetheine  

SH 

4õ- phospho-   
pantetheine  

SH 

SH 

4õ- phospho-  

SH 
Subunit  
division  

Thioesterase  

ACP 

-SH group of  
phosphopantetheine  
of one subunit is in  
close proximity 
to the -SH of  
cysteine residue of  
CE of the other  
subunit 

1 

2 

Thioest erase  KS 

MT  

AT  

Acetyl  
transacylase  

Malonyl  
tra nsacylase  

Ketoacyl  
synthase  

DH 

ER 

KR 
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Reactions of fatty acid synthase  complex 

O 

CH3- C- SCoA 

=
 

Acety l- CoA 

ACP SH 

CoA- SH 

Cys SH 

Cys SH 
O 

ACP S- C- CH3 

=
 

Cys S- C- CH3 

ACP SH 

O =
 

Acetyl  S- enzyme 

Acetyl  S- ACP 

FAS complex 

Acetyl CoA  
transacylase  

Transfer of  
acetyl to  cys 

×2C of acetyl CoA is transferred  
to ACP of FAS by Acetyl  CoA-   
ACP transacylase . 

×The acetyl unit is then  
transferred from ACP to  
cysteine residue of the  E 

×Thus ACP site falls vacant 

1 
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Malonyl  transacylase  transfer malonate  
from malonyl CoA to ACP to form acetyl-  
malonyl enzyme 

Cys 

O 

S- C- CH3 

ACP SH 

=
 

Malonyl - CoA 

O 

- OOC- CH2- C- SCoA 

=
 

Acetyl  S- enzyme 

CoA- SH Malonyl  trasacylase  

Cys S- C- CH3 

O =
 

ACP S - C- CH2- COO 

   O =
 

Ǿ- Ketoacyl synthase /  KS 

Ǿ- Ketoacyl - ACP ACP 

O 

S - C- CH2 

=
 

Acetyl - Malonyl  E 

CO2 

condensing enzyme or keto acyl  synthase  
condenses Acetyl-S-Cys and malonyl-S-ACP Cys S- C- CH3 

O =
 

Condensation reaction  

2 

3 
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Ǿ- Ketoacyl - ACP    
Cys 

ACP S - C- CH2 

SH 
O =

 - C- CH 3 

O =
 

NADPH+H + 

Ǿ- Ketoacyl  reductase  

NADP+ 

Cys SH 
O =
 

ACP S - C- CH2- C- CH3 

OH 

Ǿ- Hydroxyacyl - ACP 
Ǿ- hydroxyacyl  dehydratase  

H2O 

 
Cys SH 

O 

ACP S - C- CH 

=
 

ketoacyl ACP is reduced by NADPH dependent  
beta - keto acyl reductase to form beta-hydroxy  
fatty acyl ACP 

β-Hydroxyacy ACP undergoes dehydration.  
A molecule of water is eliminated & a double 

CH- CH3 
bond is introduced b/w α and β carbons. 

Reduction  

Dehydration  

4 

5 

Trans - enoyl- ACP 
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NADP+ 

NADPH+H + 

Trans - enoyl- ACP 
Cys SH 

O 

ACP S - C- CH 

=
 CH- CH3 

Cys SH 

ACP S - C- CH 

O =
 CH2- CH3 

Enoyl reductase  

Acyl - ACP /  butyrylACP  
Transfer of C chain from ACP to  cys- SH 

ACP SH 

Cys 

O 

S - C- CH 

=
 CH2- CH3 

Acyl - S- enzyme    

4C unit attached to ACP is 
butyryl group 

Reduction  

6 

sivaranjani 

July 18, 2022 49 



Palmitate  (16C) Palmitoyl  Thioesterase  

reactions of 2 - 6 are  repeated  6 times  

ACP SH 

Cys 

O 

S - C- CH 

=
 CH2- CH3 

Acyl - S- enzyme    

ACP 

Cys 

ACP SH 

Cys SH 

SH 

S -  CH3- CH2- (CH2)13- COO-  

+ 

7 
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Summary of palmitate  synthesis  

• End product –(16C) Palmitate 

• 2C - Acetyl CoA directly 

• 14C - Malonyl CoA 

• Over all reaction : 

Palmitoyl - coA 

3 

CO- S- coA 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10  12  14  16  
CH 

15  13  11  

8 Acetyl - coA = Acetyl - CoA + 7  malonyl- CoA 

14 NADPH+H + 

7 Cycles of  
Fatty acid  synthesis  

CH3- CO- SCoA 

7 ATP 

7 ADP+Pi 

14 NADP+ 
6 H2O 
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Insulin  

Protein  
kinase 

Glucagon & Epinephrine  

ATP ADP 

-  

Covalent modification  

P 

Acetyl CoA  
Carboxylase  

(inactive) 

Acetyl CoA  
Carboxylase 

(active) 

+ 

Protein phosphatase 
P 

Acetyl CoA 

Malonyl CoA 

Dephosphorylated E – Active  
Phosphorylated E - Inactive 

Acyl CoA 

sivaranjani 
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Beta-oxidation Fatty acid synthesis 

Site Mitochondria Cytoplasm 

Intermediates Present as CoA derivatives Covalently linked to SH gr of ACP 

Enzymes Present as independent proteins Multienzyme complex 

Sequential units 2C units released as Acetyl CoA 2C added as Malonyl CoA(3C) 

Co-enzymes NAD and FAD NADPH 

Transport Carnitine Citrate 

End product 
sivaranjani 

Acetyl CoA Palmitate 

Difference b/w synthesis and breakdown of fatty acids are :-          
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1. Elaborate on Beta- oxidation for Ecosanoic acid and energetics  of it. 

2. Discuss the formation of malonyl co-A and its signifiance 

4. If a diabetic’s breath smells like alcohol, what could this mean? 

5. Describe the pathophysiological conditions leading to ketone bodies and explain 
their effect on human physiology. 

3. Discuss how carbohydrates can be stored as fat. 

Assignment 1 – Lipid Metabolism 


