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Lipid metabolism lecture 3 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

* Types of adipose tissue

* White adipose tissue: mainly concerned with energy storage
e Has very few mitochondria (=1 aei sl cla (lic)
* TAG makes 80% of it
* Brown adipose tissue: involved in thermogenesis
* Numerous mitochondria, cytochromes = brown colour
* Important in new-borns and hibernating animals

* Thermogenesis

* Process in which heat is liberated by uncoupling oxidation from phosphorylation -2
energy is released as heat
* Occurs due to presences of uncoupling protein (thermogenin)
,ATP Ju heat 84 e adlaiy 48lé phosphorylationd) o= oxidationd! uncoupling csew 51 s e &t ) duleall a
thermogenind) (i s » s sty

agdll g Ll Lnde (yial g cclian ) lde il 5 celia€a (ol o) Wl i) agll




Process of mobilization of stored fats - storedfatsa i o o

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

* This is via hydrolytic release of FAs from glycerol in TAG
glycerol in TAGJ' ¢« FAX! hydrolytic release Jex: A enzymed) s» (=la Cus hormone sensitive lipase (b (e wal

* |nitiated by hormone sensitive lipase (removes FAs from carbon 1 and/or carbon 3 of TAG)

* Additional lipases remove the remaining FAs from diacylglycerol or monoacylglycerol

FA Jeds 43) enzymed) (als adaay Al
Lk 5 ,C3J) 5 C1J) e
,monoacylglycerol s diacylglycerol
additional ) s_al enzymes 253 5 ae
sl e FAs AL ) bl (lipases
compoundsd!




Regulation of hormone sensitive lipase

23 enzymed) pald 4] s 4d e Ly )

Glucagon and nor-adrenaline, Ju ) s ,starvationdls fasting statedb
(activation through cAMP) = A OsS o L fed stated)
Insulin activates Caffeine inactivates fatsd! mobilization <=
phospho diesterase; phospho diesterase;
G protein  Adenyl cyclase so cyclic AMP is so cyclic AMP level

0sS A) dependent protein kinase
¢ hormones &b (= activated

Hormon hydrolysed: remains high; hormone J! adipocytedu 43) 4ca i a y2ig

receptor so HSL inactivated so lipase activated A vation 4l itive li
activation 4l_ua: sensitive lipase

S Aarbrane cAMP (b (= phosphorylation 4 sz

| &=l 5 glucagond!s noradrenalind!
Eicepio disoloress: o high 255 s & Cua insulind! 4waly
Qe 055 o glucosed) s insulind) o« level
o 1 o TAG J Uis synthesis of FAJ! 4a il
Inactive kinase Active kinase .
l .(degradation
Inactive " Active phospho JI 4 4xa s (s Al ddaii
:;ga";‘:“" sensitive "i‘:;'::"e sensitive .cCAMPJ! degradation J«=: diesterase
(no phosphate group) ATP ADP o Phosphonyiated) 4l yua phospho diesterased! ala
90 o9 < methyl xanthinesd! 2 s> s: inhibition
2 » caffeined) il s ala 5 caffeined)

Triglyceride

serum FAJ! 33b) = W lipolysisd)

AV Laall 8 ~laill g (3 gil) Ll 5) agll




* Fatty acids are stored in adipose tissue as TG
* TG are the major fuel storage reserve.

* Lipolysis is the hydrolysis of stored TG in
adipose tissue into glycerol and FA

s ) glycerol phosphated!

W) L (glycerold) ¢ active formd!
TAG dclical 4l "\"m;\ ay *FFA = free fatty acid
shunting 4l_uay glycerol
oS 43Y gluconeogenesisd!
ATP Lile a5 Gus DHAPJ 4l sai

) L..SL“’ Lg

**daga 4007*Y - Liver is the only organ that contain a

glycerokinase _ FFA are released to blood and
- Other tissues can not metabolize glycerol

- Glycerol phosphate is formed in liver to carried by albumin to the tissues

form TAG or can be converted to DHAP | | Where it is oxidized for energy
(gluconeogenesis)




Fatty acids oxidation

* The main pathway for FA oxidation is present in

the mitochondria and known as B-oxidation
** i age 1S pathwaysd! locationd™*

* Other specified pathways are:

e o-oxidation of FA
e w-oxidation



B-oxidation of fatty acids

* Site:

All cells containing mitochondria
Jelalll jala e juay 75 W RBCsd! (50 LA ixy

* Steps:

Several enzymes, known collectively as “FA oxidase” are found
in the mitochondrial matrix adjacent to citric acid cycle

Krebs cycled! & sas lSa uilas 33 92 50 5 FA oxidase Ly (8 4wdiall enzymesd)

O.J..Ca.é‘).b . .. ‘55;‘ . .Ss/f. Y} ,ds szucsj ! i,:....a i 5!":n=ﬁe‘9ﬂgtﬁzz€;g




S aeyld) Cua acetyldh ol s FAJL bad e acyld)
2C o= 3_ke acetyl CoAd) Win [16C (s OS5

Steps:
1- Activation of FA to acyl-CoA

2- Transport of acyl-CoA through mitochondrial
membrane by the carnitine shuttle

3-Oxidation of acyl-CoA inside the mitochondrial
matrix

** OO dage yualy (s 5 shuttlesd!**

Citrate shuttle = in FA synthesis ;S
Glycerol phosphate shuttle / Malate aspartate shuttle = in glycolysis



s FAJ! activationd! 8 ae= 52 5 ,Co-factor & CoA-SH zlsu reactiond! u=le

1- ACtivatiOn of FA .(high energy bond &% Acyld) s CoAd) G bondd! 4] 4disi ) acyl CoAd 4k =3

< (FA thiokinase Ul 4aul) acyl-CoA synthesisd! ik e % Jeldll ala
(ATP paxien W M synthased) usSe) ATP padiu

Acyl-CoA synthetase @

R-COOH FA thiokinase 7. R-CO™ SCOA

Fatty acid | Acyl-COA

**Irreversible = Unidirectional
AMP+ PPi

Coenzyme required: CoASH

: e Jsadll iy S, 8] A8 LSl 43) (i Lo, AMPY ATP) s sai o 43) 58 4
Energy required: (6.6 kcal/mol &iuls) AMPJ ADP & (7.3 kcal diuls) ADPJ ATP (0,0l s
ATP which converted into AMP & PPi (pyrophosphate)

The PP1 1s hydrolyzed by inorganic pyrophosphatase with the

loss of further high-energy phosphates 01,2 high energy bondsd s Jba 4] (St SIS Gany Y]
lowd) Bl 45 )i (K1 Jow Wad o lale Ll L g 5 48l bondd!

So, the total loss, two “high” energy phosphates. relatively high ¢




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  lic carnitine shuttled G: b oe mitochondriadl Jiiu = 5 FAJ! activation Llee Ls aay
celld) & a8l (alaasl Al 4 juay Sall (=la 5 oxidationd) & Ja
dclia & 4aladiul o4 ~ 5 5 activated acyl CoAd) J& inhibition oy 7 2a8i j d8lall f (S
cytosold! & membrane lipidd' 5! TAGJ

* |f energy charge of cell is high

* FA synthesis is favoured = movement of activated acyl coA is inhibited and it
is used for TAG or membrane lipid synthesis in cytosol



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

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

— short & medium chain FA (shorted then 12C) can penetrate the inner

mitochondrial membrane for oxidation
milkd) 4 8 58 (e3> s« medium chain FAJ®*

— Transport of long chain acyl-CoA requires the presence of carnitine.

They are transported through the membrane as acyl-carnitine.

Eus mitochondrial membraned! Jwi a8 (lie carnitined! 3sa 5 Sle (oulul JS&) 3adiaa 48 long chain FAsd! dailly Ll
mitochondrial membraned to penetrate 3_all sxic Al acyl-carnitine Lk A5 long chain acyl CoAJ) &« z=2i: carnitined
Ly as Qe mitochondriald! z s carnitine gl s (Jiasf) exchange Usay JAlall sy JMA 5 4] special transporter 25 5

Carnitine shuttled) (& W5 3 = (WS acyl CoAw

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

lie Cacld siall Caad 3ie oli) Al




Carnitine acyl (palmitoyl) transferase-1 (CAT-1 or CPT-1), present in the outer
mitochondrial membrane, converts the long chain acyl-CoA to acylcarnitine

S, (most common FAJ s& palmitoyld) 45Y) CPT-1 4xens (Sae S5 CAT-1d) 58 Wl . &3sd 3 e ¢ 5&4 carnitine shuttled
acyl-carnitine be ziu <@ carnitine WlSs cavay g acyld) e CoAd) Jeda 43) enzymed) pala aley

- 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

translocating (b o= matrixd! ola3b inner-mitochondrial membraned! »e translocation 4_s=: acyl-carnitined! .. Ll
carnitine molecule s acyl-carnitine ux exchange +x Al 5 carnitine acyl-carnitine translocase 4« protein

- 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

Le i 4lgill g | CAT-2 Gk (e catalyzing 4sas reactiond) o=l s fatty acyl-CoA ) Js=% # ) fatty acyl-carnitined) .. &G
beta-oxidation processdv Jax = acyl-CoAd) Wl cytosoldle allay xa 115 exchange 4 sa = 5 A | carnitine



e

CYTOSOL




Info about carnitine shuttle

* 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 **(laiedl las daga adasi**




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 (acetyl CoA) JS& e ) sallay s 2C A1) agie mih &l shall sl 5 (multi-cyclic) < shad sac Led jua As ol sla
, 2C OWS (e g=ldti g beta-oxidationd) <l sha ded as i 8 2C =il 48] geyl-CoAd) i e Juay acetyl CoAd! Al ) an
a5 acetyl CoA (2C) bie Juay 4Ll i 13S0

* Active acetate are oxidized in citric acid cycle to 2 CO2
CO2 J8& e Vg i ad A 2CJ) s Krebs cycled) 2 oxidation 4 jsas 3 e JS A& =i A active acetated! 4wl

 Reduced coenzymes produced by B-oxidation and

citric acid cycle are oxidized by electron transport
chain (ETC) for synthesis of ATP

energyd gla (e (cabaall Lol 5 GTP s 3a agian (558 ) synthesis of ATP sar 7 4leils aSt Krebs cycled) Llan 43) Loy
oxidative (b oo 48l Whaty Al s acetyl CoAd oxidationd) b (e pedle Jasiy A 1 FADH2J) 5 3 NADH+HJ G2k e
(ETCJ) e phosphorylation




H H ﬁ)
., =— = = CHa(CH2)ai—Cp—Cg-C—SCoA
Fatty acyl-CoA H H

acyl-CoA J) Gab o= Al J5¥1 35hall | beta oxidationd) <l sha (e Saiz 5 Osh s

beta JI) C3 s (alpha CJ') C2 = H atom Judu ) ) alexy ) 5 dehydrogenase

e addbss H carrierd 58 FADJ) 9 5 ,(beta oxidationd) dxesd Cal (58 (s ,C
.alpha-beta unsaturated fatty acyl CoA 3sball sl (e min g FADH2 JSG

Jani liie H20 4Lzl a1 (58 5 ,enoyl CoA hydratased! (b (e &35 4l 3 ghadl)
5shall sla (e iy (Lo _puSS) (I 5¥) 3 shadlly < &5 ) double bondd! saturation
,(beta CJL L i OH groupd!) 43) s daendll) ik 5) beta-hydroxy fatty acyl CoA
.3-hydroxy acyl CoA 4sausi (Sas
beta-hydroxy fatty J' Js>i (s 5 ,oxidation reaction QWS g yuay 4 5 gladll
,2H atoms Lli ) 8 jba A5 beta-keto fatty acyl CoA I acyl CoA
,beta-hydroxy (3-hydroxy) fatty acyl CoA dehydrogenase & (s enzymed s
.Co-factor & NAD+ Ue (534 5
e xivs Thiolased! Gisk e C3 5 C2 Ox bondd! susS e a3 A 3 ghadl)
,TCA cycle Jax W) acetyl CoA JS& e | sallay N 2C (a8l 438) i geyl CoAd)
beta J cxii ) shadll away a3 acyl CoAd) & (L s (sl daleall Slal 43y
LIS ,uSs L 2l oxidation

) g aliadl g il 5 sagl) lllul ) agll

Fatty acid

/—-T Fatty acyl CoA

AMP+PPi

(Step 0) Fatty acyl CoA synthetase or Thiokinase

Acyl CoA—
dehydrogenase
(Step 1)

(Cytoplasm)

(Mitochondrial side)

Fatty acyl CoA

R—CH3;—CHs—CHs;—CO~SCoA

FAD

FADH2 .1.5ATP

R—CHz;—CH=CH—CO~SCoA
a-pB-unsaturated fatty acyl CoA

Enoyl CoA—-
hydratase
(Step 2)

+H,0

R—CHz—CHOH—CH;—CO~SCoA

B-hydroxy—
fatty acyl CoA—
dehydrogenase

(Step 3)

C

fi-hydroxy fatty acyl CoA

NAD"

NADH+H™ 2 5ATP

R—CHz—CO —CHz—CO~SCoA

B-keto fatty acyl CoA

Thiolase | + CoA-SH

(Step 4)

R—CH5;—CO~SCoA + CH5~CO~SCoA
Fatty acyl CoA + Acetyl CoA

(Steps 1,2,3,4)
) (further cycles)

|

TCA cycle (10 ATP)




When one molecule of palmitate undergoes beta- Cis ——— | Acetyl —CoA
oxidation, the net reaction is: - ~
/Palmitoyl CoA 8 Acetyl CoA Cre — B
+ 7FAD + 7FADH, Cia —— Acetyl —CoA
+ 7NAD* —> + 7NADH Cee — Acetyl ~-CoA
+ 7H,0 + 7H”

\ j C ey ACELY| —COA
+ 7THSCoA . :
\_ ) Al ol sall
eSSl 23 I 315 Cg —  Acetyl -CoA

Cs —t  Acetyl -CoA
Acetyl ~CoA

8 acetyl CoA le ziu 5 5, e aw beta oxidationd) Jaxt zlias Ual < palmityl CoA (16C)Jb il Lal a3) Ll ¢ oY)

agaliai US ¢ua (Thiolase enzymed! Gk e 0 ) ,aal¥) reactiondy agelasinl o3 |7 CoA-SH zlisd & 5 43) (i Lo g**
acetyl CoAd ¢ i US L axy gctive e fatty acyl CoAd) Axs (lie




Calculation of energy vielded from complete oxidation of FA

(e.g. palmitic acid): Joxidationd! o | saiis U acetyl CoAJ) Jadiis Le Dl (il Ll 3 I ATPS)
FADH2 s NADHJ! ¢ e doasiy A ATPJ) oliad dasd (o <5 -

 Palmitic acid is C16, saturated FA
* Palmitic acid is activated to palmityl-CoA = (-2 ATP).

* 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)

e So 7 cycles x5 ATP = 35 ATP (old) or
e 7 cycles x4 ATP =28 ATP (new)

2 ATPs <Dlgiu Al (g5
activationd!



Krebs cycled) . 8 acetyl CoAJ) J 523 (e 43Ul ATPs) bua o5 (58
e 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)
las 5 S Aailll A8 AueS 43 Jaadl
* The net gain : 131-2 =129 ATP (old system) s oY) (=l 5 glycolysisls 4 as

long hydrocarbon chaind! 25>

Exam question: what is total net energy of complete oxidation of a fatty acid with 18 carbons (for example)

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

AlalS dlae g 4d e 45) 5 4l dae sdasn g Al e




Regulation of B oxidation:

(1) feeding status:

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

* CHO feeding - I 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 (1%t intermediate of synthesis of FA) allosterically inhibits CAT1

 |In fed state:

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

 |n starvation:

« ¢ insulin/glucagon ratio = glucagon inhibits acetyl coA carboxylase = J, malonyl coA = release
inhibition of CAT1 - 1 beta oxidation

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



No audio in this slide

(2) Energy needs by cells:

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

« LI ATP & P 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.

* Acetyl CoA allosterically activates pyruvate carboxylase
and inhibits pyruvate dehydrogenase. This directs
pyruvate towards gluconeogenesis rather than
oxidation.

* |If FA oxidation is inhibited, gluconeogenesis is inhibited.

diclla o Ly gl Cin agll



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
acyl CoAd! Jx propionyl CoA e ziu 7 cycle JS 85521 dla jall Jia 53 L 43 0dd chain FAJ! s 8 cadliay)

* 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 (glucosed aeli s~ (Sa)

- Cow’s milk contains significant quantity of odd chain FAs

43 = L irreversible 4ee 4 acetyl CoAd pyruvated! Jisa3 43) glucosed even chain FAJ) J a3 Hass Le 43 il
pyruvated 4L sx3 (S« ¥ beta oxidationd) (» e =l acetyl CoAJ



Metabolism of propionyl-CoA

ATP ADP + Pi
fs
CHs~CH3~CO~SCoA COOH—(|: —CO~SCoA
Biotin (Step 1) H

Propionyl CoA carboxylase

Propionyl CoA + CO, * D-methyl malonyl CoA

Racemase ’,"
(Step 2) COOH-?- CO~-SCoA

CH,
L-methyl malonyl CoA

(Step 3)
P T (Adenosyl By3)

HOOC —CH,—=CH,—CO~SCoA
Succinyl CoA

U« mechanismd s Jualss™
o Tasal) s 1 ngal) 2 e
propionyl J) Jsai 7 ) dus Lead
z 4l 5 Succinyl CoAd CoA
gluconeogenesisd! Jax



Metabolic disorders of FA oxidation:

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

— — 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

medium chain FAJ e aaiaiy abuall (e adiai 43) adle disorderd) s (e Sy A (Wil



a-oxidation of FA

* |tis 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)

beta oxidationd) & s aiay W beta CJb 4asi » methyl group 25> 5 s & wats alpha oxidationd!
 The site of oxidation is the peroxisome of brain and liver mainly
pristanic acid (19C)d Js~% oxidation 4 s W A 5 phytanic acidd! ) branched FA 25> 5 s braindb &ty

* 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-
CoA in the last turn

D s ,pristanic acid (19C) be & oxidation 4_say Wl phytanic acidd!

Hy CH, ,beta oxidation 4= (Sas pristanic acidd) u=ala oY) ,0dd chain FA s»
propionyl CoA (3C) el Lishary ~ 5

CH;

CH4—C—(CH,)5—

Hy

]
—(CH2]3—(I3—(CH2)3—(|3—CH2—COOH
g H

L) =—(")

H

Fig. 11.12. Phytanic acid asdaall ) Gl odeay s A la




*1add alall (ala 23l 4y sllas (fie sla reactionsd)®




*Refsum’s disease:

e Rare autosomal recessive disorder
* Defect in alpha oxidation

« 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

— Polyneuropathy, cerebellar ataxia, deafness and blindness occur at young age

Treatment: dietary restriction (2:2) to halt disease progression
3al) (e agile J panll s A branched FAJ) 481 nast s controlling (&8 owas p )Y el s s Jalaill g

e Ataxia is a neurological sign consisting of lack of voluntary coordination of muscle
movements that can include gait abnormality, speech 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
**pathWaysd\ Cye dal g JS G gan CA‘)“J A

It is @ minor pathway for FA oxidation

Site : in the liver endoplasmic reticulum (involves cytochrome p-450)
animalsd) & »S) Limaly (U1 o) beta oxidation is defectived! (555 Ll ki humansd! ie ag« pathwayd! L=l

The oxidation occurs at the terminal methyl group (w carbon)- formation

of a dicarboxylic acid terminal methyl groupd! oxidation _x=: Cus dicarboxylic acidd FAJ) Jisa3 o (58
dicarboxylic acidd) Lidaxs (Lic

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

acetyI-CoA beta oxidationd) uSe e (form both ends) cxigall e oxidation 4l _»=: dicarboxylic acidd) s
chaind! & Jball Gaad) (e ALlS o cuils )

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



* |t occurs to average chain length FA (10-14 C).
* |t produces acetyl-CoA faster.
HOOC-CH2-CH2------------ CH2-CH2-COOH

okl (e beta oxidation Jast 48lSs) 4 jlea oS Laal terminal methyl groupd! oxidationd) Jba L ey
& ol JSAy oxidation Jexd Ulsawn (ala

olia yig i lal L8868 LIS 5 ) sal clengind 3l aglll




*a gllaa (8 aa Léﬂ\ Alaall Ll lasd x"&’ﬂ oald 2 4 gllas s L..gl.«‘c reactionsd!*

o)
Hg,CNJ\OH

n
fatty acid

H O
|

HO—G n OH

H fatty omega-hydroxyacid

0 0
|

H—C ~ SOH

fatty omega-aldoacid

H (@)
mixed function l
oxidase
f » HO—G " OH
| fatty omega-hydroxyacid
1/2 02 H

0 0
|

alcohol dehydrogenase

/\ P ., OH
NAD" NADH +H" fatty omega-aldoacid
O
aldehyde dehydrogenase ”
OH

NAD*

> HO—
7N :

NADH + H* fatty dicarboxilic acid

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



“*lax age processesd) &g adl ga B pe GlaS i **

Introduction- ketone bodies

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

*acetoacetate is a primary ketone body, while beta-hydroxyl butyrate and acetone are secondary ketone bodies

* Ketogenesis: formation of ketone bodies (occurs in liver)
(Axla sl 5 fiverd) Jals guiaill)

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

* Under normal conditions, production of ketone bodies is at relatively low rate

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




Metabolism of ketone bodies

* Fats are burned in the fire of carbohydrates  fatsJl &= clie CHO glisds sl Lol

» 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) ketone bodiesd! ¢St Cilladll 44 i ~ ) acetyl CoAJ) o5

— 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 brain

main source of energyd & _xal ketone bodiesdl ;52 s3aa (5 &S5 glucosed) 4xS starvationd) JOA 43) La g
braind! glucosed! ! sS si (Lie skeletal musclesd s heartd!

* Ketone bodies are water soluble
* So it can be 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)

Sidie a9 &l Shg el K& e liel agll)




Ketogenesis

* Acetoacetate is primary ketone body

k% dlagy**

e Synthesised exclusively in liver mitochondria

,cholesterold! miai & dsadivdl enzymesdb 4es o Al enzymesd)
mitochondriadb 25 50 O 58 O 4eaniviy A HMG CoAd 4 Gl
. 4 Steps: cytoplasmd) 2 s

— Condensation

— Production of HMG coA condensation @ juan 655;‘2\ 5 gladll #
- Lysis acetoacetyl Llaxis 2 acetyl CoAd
— Reduction

— Spontaneous decarboxylation .(CoA-SH z 54 &) CoA

beta hydroxy beta methyl glutaryl CoA (HMG CoA) e ziis 4l 5 glaally #
s 5 ,CoA-SH z 5~ &= ,acetoacetyl CoAd! acetyl CoA s 48] (& )b e
sl s mitochondriald! 8 25> sl HMG CoA synthased! (b (e a5 5 ghall
.synthesisd! rate limiting & enzymed) U=l 5 cytoplasmd! s
be =45 HMG CoA lyased (&b oo lysisd) adee (ility Z31E 3 ghdll, #
secondary ketone J gvai yuay = )l 20 # | acetyl CoA s acetoacetate
Likaes 5 (enzyme ! Us2) spontaneously ssas aaaal | cplelds 5,k e bodies
_na) dehydrogenased) (b oo o S Jeldll s (CO2 7505 &) acetone
NADH+H &3giuls beta hydroxy butyrate Lsks s (reduction

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 + Acetyl CoA

Step 1 \
CoA-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
Acetoacetate + Acetyl CoA

Step 5 4

NADH+H"
Step 4 (
Co, NAD*

v v
CH;=CO—=CH,4 CH;—~CHOH-CH,—COOH
Acetone Beta hydroxy butyrate

Step 1 = Acetoacetyl CoA synthase;

Step 2 = HMG CoA synthase;

Step 3 = HMG CoA lyase;

Step 4 = Dehydrogenase;

Step 5 is nonenzymatic and spontaneous.




Ketolysis

e Ketone bodies are formed in liver but
utilized in extrahepatic tissues

 Heart muscle, renal cortex sometimes
prefer ketone bodies to glucose as fuel

* Muscle can also utilize ketone bodies

beta Jl = sl acetoacetated! (e Aol ddats CilS (5 e daina ()98 & guia sal
.hydroxybutyrate
beta hydroxybutyrate J Gk e Jel& U5l (55 7 beta-hydroxybutyrated) ¢ Ll 130 <
.acetoacetate Lihz s NADH+H 4ic z=in 5  dehydrogenase
35> 9 5 Thiophorased) sacluas acetoacetyl CoA Lz ~ ) acetoacetated! (pm
..succinyl CoAJ!
2 acetyl Wl ~ ; Thiolased) 33l s \CoASH 4le JAx ~ ) acetoacetyl CoAd! (=l oY)
oxidation a¢l x5 Krebs cycled | fax = laay M5 CoA

CI)H
CH;—CH—CH,—CO0O"~
[j-Hydroxybutyrate

NAD®,
\ B-Hydroxybutyrate

4/ dehydrogenase
NADH + H"

~

i
CH3—C—CH>,—COO~

Acetoacetate

(.I“,HZ—COO“
CHy,—CO—SCoA
Succinyl CoA Thiophorase
C|:H2—COO‘
CH,—COO~
Succinate ~

I I
CH3—C—CH2—C— SCoA
Acetoacetyl CoA

COADHﬂThiOIaSO
O O

[l I
CH3—C-S CoA + CHS‘—C_SCOA
Acetyl CoA Acetyl CoA




Fate of ketone bodies

dga s e il Al ala 5 liverd) (2 Laé s ketone bodiesd! i
Olie beta oxidation Wwa 7 M bloodd <& Free Fatty Acidsd)
Jiverd! & ketone bodies 4Pa (4 pial (Sae M acetyl COA Lidaas

el YN ey b
Jketonemia | s (Sas Cua L3I ) A ketone bodiesd! -

o all a3 acetone smelld) Jsedal (5ol anlls aa) sivse § i ) duza g -
Gigaal i 7 s urined 2 ketone bodiesd! ) sedal 4Lyl -
,Osmotic diuresis

Jexi 7 ketone bodiesd! 43Y ,dehydration &saad 4 5 5oy (Saas -
,urined! asall (e H20J) s e

Na+d) olaadl (5ol (Sas 4uza yas -

 starvationd) dla 8 Ll
acetyl CoAd Js=3 )aih extrahepatic tissuesd! Jalx ketone bodiesJié
ael a5 Krebs cycledb | sl acetyl CoAd) Jsaa 5 ketolysisd! &b oo
ATP 5 CO2J oxidation

Blood
Extrahepatic tissues
Acetyl COA ¢t FFA Acetyl CoA
Ketone bodies == Ketone bodies ==+ Ketone
bodies ¥
Citric acid cycle

Acetone
in lungs

Jusll s saall e ey dse s ooalls aell (o i dsel ) agll

Ketone
bodies in urine

v
Cco,



Ketosis

* (Causes
— Uncontrolled DM: most common cause of ketosis
* Glucose is plenty but deficiency of insulin > accelerated lipolysis =2 increased acetyl coA
— Enhanced gluconeogenesis restricts oxidation of acetyl coA in TCA as there is less oxaloacetate

,oxaloacetated! &blgivl (e 2 3 7 (=l 5 gluconeogenesisd) wiad iz L Jil glycolysis i oala | J8 insulind! 43 L

Krebs cycled) Jala oxidation of acetyl CoAJ! (2u) restriction & saal 535 L

— 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

* Explanation of ketogenesis
— Starvation and DM: glucagon is increased 2>
* Inhibits glycolysis
* Activates gluconeogenesis
* Activates lipolysis — Insulin has opposite effect
* Decreases malonyl coA
» Stimulates ketogenesis (high glucagon/ insulin ratio is ketogenic)/




Starvation/Diabetes Mellitus
(Increased Glucagon/Decreased Insulin)

L Level 1: Lipolysis activated

- Increased NEFA in plasma
l *NEFA = non-esterified FA = FFA

- |evel 2: Increased CAT-I
- Decreased malonyl CoA

Increased beta oxidation

» | evel 3: Increased gluconeogenesis
- Decreased oxaloacetate

v
Ketone body <= Increased generation of acetyl CoA
and decreased utilization of acetyl CoA

Ketosis

beta oxidation (25,082 S Ua) 43) juay acld Al 4a3Al

Jisn3 ymar acliy 5,508 geetyl CoA A4S &8 ~ 5 Ay A process
Krebs J\s ,gluconeogenesisd! é: b e glucosed oxaloacetate (-
aruail 7 5 50 2l oxaloacetated) 43y |4 sia 403 oY) sla 8 cycle
3ouS il oK1 i ytilization of acetyl CoAd) saa <@ glucosed

ketone bodies more favorabled 4l s=3 juay dla lic

Salient Features of Ketosis

1. Metabolic acidosis. Acetoacetate and beta-hydroxy
butyrate are acids. When they accumulate, metabolic
acidosis results (see Chapter29)

2. Reduced buffers. The plasma bicarbonate is used up

for buffering of these acids. bicarbonatesd! Jau

3. Kussmaul’s respiration. Patients will have typical

acidotic breathing due to compensatory hyperventilation.

4. Smell of acetone in patient's breath.

5. Osmotic diuresis induced by ketonuria may lead to
dehydration. sles s (Sas urinedl ketonesd!) 25> s
6. Sodium loss. The ketone bodies are excreted in urine
as their sodium salt, leading to loss of cations from the
body.

7. Dehydration. The sodium loss further aggravates the
dehydration.

8. Coma. Dehydration and acidosis contribute to the
lethal effect of ketosis. And may lead to death

Al dals die o308 | Caegd g culhia g Ol g s jo e e gind ) aglll




Midterm exam pointers for focused studying

Glycogen regulation enzymes and their activation/ inactivation
state

Difference btwn liver and muscle in glycogen utilization and why

Enzymes that are active/ inactive in phosphorylation/ de
phosphorylation state (table)

Areas of book that | advised you to read (4 questions)



