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Lipid metabolism lecture 2 of 3

Lipolysis, fatty acid oxidation and
ketone bodies

Ahmed Salem, MD, MSc, PhD, FRCR



1. Fatty acids metabolism
a. Fatty acid synthesis

_ b. Fatty acid catabolism
Lipids metabolism 2. Cholesterol synthesis
3. Eicosanoids synthesis from fatty acids




Adipose tissues and energy stores

e Types of adipose tissue

* White adipose tissue: mainly concerned with energy storage (C hydro pho Pic ) (wate) s 2>)
e Has very few mitochondria
* TAG makes 80% of it
* Brown adipose tissue: involved in thermogenesis
* Numerous mitochondria, cytochrg_LnL_e’s - brown colour
* Important in new-borns and hibernating animals

* Thermogenesis ﬁ(/
* Process in which heat is liberated by uncouplihg oxidation from phosphorylation 2
energy is released as heat
* Occurs due to presences of uncoupling protein (thermogenin)




Process of mobilization of stored fats

PN AR o p( su beutenems)IN P (Fat Mg, )

Lipolysis: process of appearance of FAs in blood during fasting is due to mobilization of fat stores

3FA [ “-\:’-ILUL‘ l,- -
This is via hydrolytic release of FAs from glycerol in TAG 1Glycero| h &2 (TAG )),/_S U,)
l@-‘;a"-o'g:-u( Gluconugenesis )W lgis ( gucose )5 ...:..a)

Initiated by hormone sensitive lipase (removes FAs from carbon 1 and/or carbon 3 of TAG)((TAG))I,-L)

Additional lipases remove the remaining FAs from diacylglycerol or monoacylglycerol
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e Fatty acids are stored in adipose tissue as TAG
* TAG are the major fuel storage reserve.

* Lipolysis is the hydrolysis of stored TAG in
adipose tissue into glycerol and FA
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Liver is the only organ that contain a .
AR FFA are released to blood and carried

Other tissues can not metabolize glycerol by albumin to the tissues where it is

Glycerol phosphate is formed in liver to form TAG oxidized for energy
or can be converted to DHAP (gluconeogenesis)




Fatty acids oxidation GFA)JIAD

* The main pathway for FA oxidation is present in

the mitochondria and known as B-oxidation
C (B- C)fererN)

* Other specified pathways are:

e ai-oxidation of FA

o & o) siemy b 60 5 (P Jio2anits’)
e w-oxidation ( :



B-oxidation of fatty acids

* Site:
All cells containing mitochondria (it isnt kappens in tie RBCs)

o Rémé’“bﬁf S’t €¢ O ; ' G’_‘j Co lBSi; i C_«fl'osOl /’/Iu Co heogene sis (("‘ii’“hondria))L%gju_{(cjh,,w,?k,g})
FA Synthesis in Cyto so |/Kr¢ bSCycle and P- OXidation in mitechondria /OXi do-teve Phosphore letio n Mitochondrio

* Steps:

Several enzymes, known collectively as “FA oxidase” are found

in the mitochondrial matrix adjacent to citric acid cycle
(krebs cycle YSop o

g"(ACci—_gl CoA) 2=




Steps:

1- Activation of FA to

2-Transport ofhrough mitochondrial
membrane by the carnitine shuttle

3-Oxidation of acyl-CoA inside the mitochondrial
matrix



1- Activation of FA

@ Acyl-CoA synthetase Chigherergy bond)

R-COOH FA thiokinase R-C SCOA
Fatty d Cid Irreversible ACV'-COA

<AMP+ PP.) $ts,0( high energy bond ) (=

Coenzyme required: CoASH

Energy required:
ATP which converted into AMP & PP1 (pyrophosphate)
The PP1 1s hydrolyzed by inorganic pyrophosphatase with the
loss of further high-energy phosphates
So, the total loss, two “high” energy phosphates.
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Fate of activated FAs

* |f energy charge of cell is low

* Activated acyl coA will be moved to mitochondrial matrix by carnitine shuttle
- FA oxidation (" B- oxidation)——p AP Sunthesis

If energy charge of cell is high ( ATP+>125=1)

* FA synthesis is favoured > movement of activated|acyl coAlis inhibited and@
is used for TAG or membrane lipid synthesis in cytosol

?@nh;bited) U Jbo S C P-oxidation) ) \>




2- Transport of acyl-CoA through the inner
mitochondrial membrane

* After activation of FA to fatty acyl-CoA,:

— short & medium chain FA (shorted then 12C) can penetrate the inner
mitochondrial membrane for oxidation without any shattle

— Transport of long chain acyl-CoA requires the presence of carnitine.
They are transported through the membrane as acyl-carnitine.

Carnitine {B-hydroxy-y-trimethylammoniumbutyrate}, {CH,);N*-CH,-CH (OH) — CH2-
COO0} is present in all tissues & in excess in_muscle

=0 t.«’)—"’“' o



(FA) St =l |y \ (Cpotmitas])=se)s) )
Carnitine acyl (palmitoyl)transferase-1 (CAT-1 or (@:I'-l), present in
the outer mitochondrial membrane, converts the long chain acyl-
CoA to acylcarnitine

Acylcarnitine is able to penetrate the inner membrane and gain
access to the B —oxidation

Carnitine-acylcarnitine translocase acts as an inner membrane
exchange transporter

Acylcarnitine is transported in exchange with Carnitine

Acylcarnitine then reacts with CoA, catalyzed by carnitine acyl
(palmitoyl)transferase-2 (CAT-2 or CPT-2), and located on the
inside of the inner membrane

Acyl-CoA is reformed in the mitochondrial matrix (mitosome) and

carnitine is liberated



Mitochondria Cytoplasm

FA QeSS Ay CoA
_,_

A Carm'finc translofase >
B— OXidation Carnitine shuttle
—AC}’ CoA tronslocase Ac_ﬁ' Carnitine %‘



| Neteﬁect " Long chain fatly acyICoA s transporled from lhe outslde to the Inside of mitochondria

___ Tnsicase




— Short and medium fatty a.cids are found in milK and butte

Info about carnitine shuttle it ety

* Carnitine is primarily found in meat

* |t can also be synthesized from amino acids lysine and methionine

e Happens in liver and kidney
* Does not happen in skeletal muscles or heart (totally dependent on exogenous carnitine or that
distributed in blood)

 Malonyl coA inhibits CAT-1 preventing entry of long chain acyl groups from
entering inner mitochondrial membrane = turn FA oxidation off

e Short and medium chain FA can cross inner mitochondrial membrane without
shuttle

* Their oxidation is not dependent on carnitine or inhibited by malonyl coA




3-Oxidation of acyl-CoA

* The process is multi-cyclic

— each cycle catalyzes removal of two carbons (from
carboxyl end of acyl coA) as active acetate (acetyl

coA)

e & two reduced coenzymes are formed (FADH2 & NADH+H* )

* Active acetate are oxidized in citric acid cycle to 2
CO2

 Reduced coenzymes produced by B-oxidation
and citric acid cycle are oxidized by electron
transport chain (ETC) for synthesis of ATP
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Fatty acyl-CoA H IH
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Fatty acid /T Fatty acyl CoA
R—CH;—CH;—~CH,—CO—0OH
@TP)  AMP+PPi

(Step 0) Fatty acyl CoA synthetase or Thiokinase
(Cytoplasm)

(Mitochondrial side)
Fatty acyl CoA
R=—CHs;—=CH;~CHs;—~CO~SCoA

Acyl CoA-
dehydrogenase
(Step 1)

FAD

1.6ATP

] 4—R—CHz—CH=CH—CO~SCoA
ZH .—mefu a-p-unsaturated fatty acyl CoA

Enoyl CoA-
hydratase | +H,0

(Step 2) o /Hz

A
R—CH;—~CHOH—CH3—CO~SCoA
fi-hydroxy fatty acyl CoA

B-hydroxy— NAD® _ .
fatty acyl CoA- F = Ssnly ()=t

dehydrogenase
Y Step 3) NADH+H+—°2.5ATP

R—CH;— rCO~SCoA
fatty acyl CoA

Thiolase | + CoA-SH
(Step 4)
R=—CH;~CO~SCoA + CH;~CO~SCoA
Fatty acyl CoA + Acetyl CoA

(Steps 1,2,3,4) l
* TCA cycle (10 ATP)

(further cycles)




l6C

When one molecule of palmitate undergoes beta-

oxidation, the net reaction is: Cre d e
Palmitoyl CoA 8 Acetyl CoA Ca ——s Acetyl ~CoA
+ 7FAD + 7FADH, Ciz et  ACRLY] -COA
+ 7NAD* > + 7NADH
Cm —p Acetyl —CoA
+ 7H,0 + TH*
+ 7THSCoA ZCycles Cy ——r Acelyl ~CoA
olhe (2) Co ———— Acetyl—CoA
Ca —  Acelyl —-CoA
e - - =] 2
INAD/FAD [ 2bsMons o 2 L % Acetyl ~CoA

cD Z/LS)—JQZ)JL‘(FA) AP = by p Q) ome oy

Ao f @S i D )s G s e
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Calculation of energy vielded from complete oxidation of FA

(e.g. palmitic acid):

Pa

Pa
AT

mitic acid is C16, saturated FA
mitic acid is activated to palmityl-CoA = (-2

D),

Complete oxidation of palmityl-CoA gives 8 mol
of acetyl-CoA (16/2 = 8) through 7 B oxidation
cycles.

Each turn of B oxidation gives FADH2 & NADH+H+
which by respiratory chain give 5 ATP (old
system), 4 (new system)

So

7 cycles x 5 ATP = 35 ATP (old) or

7 cycles x 4 ATP = 28 ATP (new)



* Each acetyl-CoA by citric acid cycle gives 12
ATP (old system),

e so 8 acetyl-CoA x 12 ATP= 96 ATP (old
system)

 The total gain : 96 + 35 = 131 ATP (old
system)

* The net gain :131-2 =129 ATP (old system)

Exam question: what is total net energy of complete oxidation of a fatty acid with 18 carbons (for example) . [ 2 OA-T P

New system
8 acetyl CoAx 10 = 80 ATP
7 FADH, x 1.5 = 10.5 ATP
7 NADH x 2.5 = 17.5 ATP
Gross total = 108 ATP

Net yield 108-2 =106 ATP




Importance of B oxidation:

e 1- source of energy during fasting

e 2- source of acetyl-CoA which can be
converted to other important compounds as
cholesterol and acetyl choline




Regulation of B oxidation:

(1) feeding status: Prec /nencsbetile ; Shuoys shotum 1,31

* Fasting increases lipolysis - release oféFA from adipose tissue
- ™ FA in tissues = stimulation of B oxidation

* CHO feeding - 1 insulin = inhibition of lipolysis in adipose
tissue - I FFA in tissues = inhibition of B oxidation



Regulation of beta oxidation

» Rate limiting step of beta oxidation is formation of fatty acyl carnitine (catalysed by CAT1)

* Malonyl coA (15t intermediate of synthesis of FA) allosterically inhibits CAT1

 |n fed state:

e 1 insulin/glucaélén ratio = fatty acid synthesis is promoted in liver (insulin activates acetyl coA carboxylase) = 1 malonyl
coA -2 inhibition of CAT1 - | beta oxidation

* |n starvation:

e J insuli\k/gluca/%on ratio = glucagon inhibits acetyl coA carboxylase = | malonyl coA - release inhibition of CAT1 2 1
beta oxidation

* Hormone sensitive lipase is activated by phosphorylation (glucagon)
* |ts activity is low when insulin levels are high



(2) Energy needs by cells:
((Coenzymes for dehsirozenases in B-oxidation)S (shasr 2651 Bl ossle v 5L FRy

e ™ ATP - & respiratory chain - (FADH2
and NADH+H+ remain reduced)-> inhibition
of DH “dehydrogenases” of B oxidation

« L& ATP & I ADP and Pi > T respiratory
chain so, FAD& NAD+ are oxidized -
stimulation of DH of B oxidation



Notes:

 Oxidation of FA supplies NADH and ATP required for

gluconeogenisis and supplies excess acetyl CoA.

- —ZJ’M“‘% (oXoalo o.cetate) tids,
(Provate)so a) s\ _ . '
Cpsrovate ) oguny PiCELYI COA allosterically activatespyruvate carboxyla@b

Coxale acetard &, a@Nd inhibits pyruvate dehydrogenase. This directs

pvruvate towards gluconeogenesis rather than
oxidationz==® (Acets! coh ) 2= balo

* If FA oxidation is inhibited, gluconeogenesis is
inhibited, (TextpesSireetsrends Bh cnbyia }))

o Pyrovate decarboxilase gives Acetyl CoA



Oxidation of FA with an odd number of C atoms:

 Odd chain FA are oxidized by B oxidation producing
acetyl-CoA but only at the last step one propionyl-CoA
is produced

* Propionyl CoA can be converted to methyl malonyl CoA
which is converted to succinyl-CoA - citric acid cycle
— oxaloacetate - glucose

This is the only mechanism by which Fatty acids are
converted to glucose

- 3 C units from odd chain FA are glucogenic
- Cow’s milk contains significant quantity of odd chain FAs



Metabolism of propionyl-CoA

ATP ADP+Pi
fHs
CHi—~ONg~CO~SCoA COOH—(l: —~CO~CoA
Biotin (Step 1) H

Propgny! CoA carboxylase

Propionyl CoA + CO, D-pfethyl malonyl CoA

'.\ = e
(s} d

L-mayl malonyl CoA

H
|

COOH—?— CO~-SCoA
CH,

(Step 3) :
Mutase| (A9eNOSYRe)

HOOC —=CH,—CHy—CO~SCoA
Succinyl CoA



Metabolic disorders of FA oxidation:

* These include deficiency of carnitine, CPT1, CPT2 and acyl CoA

(Glgco’.‘n gwq))\“ld“—w—.' a‘-ﬁod“‘*“"‘:‘“— Vias o-:‘-o(}{uCouoagncsi;)Jl N‘i wl

dehydrogenase fv

— —> impairment of FA oxidation, fasting hypoglycemia (due to
decreased gluconeogenesis as well as increased uptake of glucose by
muscles and heart), muscle weakness , and fatty liver, finally produce
coma and death




* Patients with deficiency of carnitine, CPT1, or CPT2 should
avoid prolonged fasting & may benefit from the ingestion of
fats rich in medium chain fatty acids

Cshuttie). s CMito chondia)I\ pe | 2opnr o Ty



a-oxidation of FA

* |t is a minor pathway for the oxidation of FA that have methyl group
in the B carbon, e.g. phytanic acid ( found in animal and milk fats)

 The site of oxidation is the peroxisome of brain and liver mainly

 o-oxidation occurs in the a- position because the B carbon is
occupied by a methyl group

* The a carbon is oxidized and removed as CO2, now the methyl
group is at the a position (no energy produced no coA needed)
and the B carbon is free to undergo B oxidation forming propionyl 'SARS

CoAinthelastturn , 5 /.- ZJ‘__,_;.S') SR < 7
CB- oxidation) Jass AilS| Jue v <=, ,_4 .5’74 _ 2Ven o )9 L
odd )

—{CHzJ;-(l)-—(CHz)3 C—CHzCOOH
H

Fig. 11.12. Phytanic acid
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*Refsum'’s disease:

e Rare autosomal recessive disorder
e Defect in alpha oxidation

e Due to congenital deficiency of enzyme system of a-
oxidation leading to accumulation of large amounts of
phytanic acid in the brain, liver and blood

: \ =)
SYmptoms  _ Polyneuropathy, cerebellar ataxia, deafness and blindness
[ [ [ w.—)A [ ] (] ﬁ(j §
Treatment: dietary restriction to halt disease progressio :
. Ataxia is a neurological sign consisting of lack of voluntary coordination of muscle movements that can include gait abnormality, speech ('o L":‘o‘% l _‘_” Jls—')

changes, and abnormalities in eye movements. Ataxia is a clinical manifestation indicating dysfunction of the parts of the nervous
system that coordinate movement, such as the cerebellum.



w-oxidation

It is @ minor pathway for FA oxidation
Site : in the liver endoplasmic reticulum (involves cytochrome p-450)

The oxidation occurs at the terminal methyl group (w carbon)- formation
of a dicarboxylic acid

The dicarboxylic acid is oxidized from both ends by B oxidation liberating
acetyl-CoA

It ends with the formation of adipic acid (C6) which is excreted in urine.



Qe e (Carboxy| group Joie <550 J*?’CD;“fb’leica.ciJ)J‘-‘ré(;_:"@—.%‘ H s Coxidation) J)
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* |t occurs to average chain length FA (10-14 C).
* |t produces acetyl-CoA faster. Géf"‘jf“" Proxidatin Srats ) )
HOOC-CH2-CH2------------ CH2-CH2-COOH




H O
|

O
M mixed function
oxidase
HaC ~ TOH / - HO—C ~ TOH

fatty acid | farty omega-hydroxyacid
120, H
H 0O
l alcohol dehydrogenase ”
HO—C n “OH ™ H—C ~ TOH
Cca(box e 9roups
NAD"  NADH + H" fatty omega-aldoacid 4 3{ P )

H fatty omega-hydroxyacid

O O
” aldehyde dehydrogenase

H— a OH /\ =

fatty omega-aldoacid NAD* NADH + H*

Omega oxidation is upregulated when beta oxidation is defective as is seen
with medium-chain acyl-CoA dehydrogenase (MCAD) deficiency

WO P IX O
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Introduction- ketone bodies (= v <o)

* Acetoacetate, B-hydroxyl butyrate & acetone are collectively called ketone
bodies

* Ketogenesis: formation of ketone bodies (occurs in liver)

» Ketolysis: utilization of ketone bodies as fuel (occurs in extrahepatic tissues)

 Under normal conditions, production of ketone bodies is at relatively low rate
(FA) BuiainsC app il oSl Plsly sSha Bue o\l 0%y vg N 25, Q‘)

a ...'(
G0 Cnd

* |ncreased ketone bodies is known as ketosis while high blood level is known as
ketonemia




Metabolism of ketone bodies

e Fats are burned in the fire of carbohydrates

» Acetyl coA formed from FAs enters Krebs = oxidised only when oxaloacetate is present
(oxaloacetate comes mainly from CHO)

* During starvation and DM, acetyl coA takes the alternate fate of formation
of ketone bodies (ketogenesis)

— This allows heart and skeletal muscle (to some extent, increased use in fasting) to use ketone bodies
(ketolysis) as major source of energy > preserving limited glucose supply for braina.nd Rpcs

* Ketone bodies are water soluble (@i ! bapé=tvsy ceh wam lurine DI\ 11y cg5)

— Transported across inner mitochondrial membrane, blood brain barrier and cell membranes

» Used as fuel for a variety of tissues including CNS
» Preferred substrates for aerobic heart and muscles (to some extent, increased use in fasting)



Ketogenesis

* Acetoacetate is primary ketone

body

* Synthesised exclusively in liver

mitochondria

* 4 Steps:

— Condensation

— Production of HMG coA

— Lysis

— Reduction

— Spontaneous decarboxylation

Produce a.cetong

s S 8 N ielgaes 3 ,5Ad)) )

HMG coA synthase is rate limiting step in synthesis of ketone
bodies and is present in significant quantities only in liver

CH;—CO~SCOA + CH;— CO~SCoA

Acetyl CoA

Step 1

+ Acetyl CoA

I\.ACOA-SH

CH;—=CO—=CH,~ CO~SCoA
Acetoacetyl CoA

+ Acetyl CoA

Step 2 H,0
K CoA

COOH=CH,~C(CH,)

(OH)~CH,—CO~SCoA

Beta hydroxy beta methyl glutaryl CoA (HMG CoA)

Step 3
CH;=CO—CH;~ COOH + CH;~ CO~SCoA
@CBIGACEIER) + Acetyl CoA
Step 5 4 7
NADHHH" o)y, L
Step 4 rH l,k .
& "
v A 4
CH,=CO—-CH, CH,—CHOH—-CH,—COOH

“Beta hydroxy butyrate.

C¢

Step 1 = Acetoacetyl CoA synthase;
Step 2 = HMG CoA synthase;

Step 3 = HMG CoA lyase;

Step 4 = Dehydrogenase; (re Versible)
Step 5 is nonenzymatic and spontaneous.




OH

Ketolysis

[-Hydroxybutyrate

AL, phhay M
. . . - e = P-Hydroxybutyrate
e Ketone bodies are formed in liver but dehydrogenase

.“r- . . . NADH + H”
utilized in extrahepatic tissues

i
CH3—C—CH,—COO~
. Acetoacetate
* Heart muscle, renal cortex sometimes -

prefer ketone bodies to glucose as fuel EH—~CO—SCoA
Succinyl CoA Thiophorase

o ] CHp—COO0"

* Muscle can also utilize ketone bodies CHy—COO"

Succinate +

Il I
CH3—C—CH,—C—SCoA
Acetoacetyl CoA

CoASH #Th iolase
o @)

[l Il
CH3;—C—SCoA + CH3;—C—SCoA
Acetyl CoA Acetyl CoA




Fate of ketone bodies

Liver

Blood

r
v

Extrahepatic tissues

idation

Acetyl CoA —

FFA

Ketone bodies === Ketone bodies =+

Acetone
in lungs

Ketone

Acetyl CoA

Ketone
bodies 4

Citric acid cycle

bodies in urine CO, 1 Eneryy



Ketosis

* Causes
— Uncontrolled DM: most common cause of ketosis
» Glucose is plenty but deficiency of insulin = accelerated lipolysis = increased acetyl coA
* Enhanced gluconeogenesis restricts oxidation of acetyl coA in TCA as there is less
oxaloacetate

— Starvation: dietary supply of glucose reduced - oxaloacetate channelled to gluconeogenesis, increased
lipolysis to provide fuel, excess acetyl coA converted to ketone bodies

* Hyperemesis in pregnancy may also lead to starvation like condition = ketosis
—AS S iy S L\

* Explanation of ketogenesis
— Starvation and DM: glucagon is increased =
* Inhibits glycolysis Insulin has opposite effect
* Activates gluconeogenesis -
» Activates lipolysis
 Decreases malonyl coA Cinsoline 3 '-’J“"“:"zé)
» Stimulates ketogensis (high glucagon/ insulin ratio is ketogenic) ——




Ketosis

A 4

Ketone body = Increased generation of acetyl CoA

Starvation/Diabetes Mellitus
(Increased Glucagon/Decreased Insulin)

L Level 1: Lipolysis activated

Increased NEFA in plasma
l Non-esterefide A

— |_evel 2: Increased CAT-I G li .
Decreased malonyl CoA ((C1"selire)dusis a:fy)

Increased beta oxidation

- | evel 3: Increased gluconeogenesis
Decreased oxaloacetate

!

and decreased utilization of acetyl CoA

v
(oXaloacetate) e S u—"\‘lc J_-p.k-ia');x;,.[_.

Salient Features of Ketosis

L.

()

Metabolic acidosis. Acetoacetate and beta-hydroxy
butyrate are acids. When they accumulate, metabolic
acidosis results. (see Chapter 29).

Reduced buffers. The plasma bicarbonate 1s used up
for buffering of these acids.

Kussmaul's respiration. Patients will have
typical acidotic breathing (see Chapter 24) due fo
compensatory hyperventilation.

Smell of acetone in patient's breath.

Osmotic diuresis induced by ketonuria may lead to
dehydration. (&) ¢\l\ ey (Hetone body )J1)
Sodium loss. The ketone bodies are excreted in urine
as their sodium salt, leading to loss of cations from the
body. ( [o=—Voz + (923 9m0 R g |y )
Dehydration. The sodium loss further aggravates the
dehydration.

. Coma. Hypokalemia. dehydration and acidosis are

contributing for the_}-eét.l; effect of ketosis.
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