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Lipolysis

- Lipolysis

. nszuoumsnidmsgos TAG (51Ju FFA ua: glycerol

0 0) R,
Y
o)
Rs O—C—H o
Hzé: )k
~o R
Triacylglycerol
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CH,OH

HO=—C—H

CH,OH

Lipase > Glycerol

_l_

0~ R, O R, O R

Fatty acids




Lipolysis

FAT CELL

~\_ay Glycerol
Tl'iaCYIgIYCerOI ]

2 Fatty acids -

Lipolysis generates fatty acids and glycerol
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LIVER CELL

Glycolysis
Pyruvate

Gluconeogenesis
Glucose

OTHER TISSUES

4 Fatty acid oxidation )
- A\cetyl COA
B

J

CO, + H,O




Glycerol Metabolism

- Glycerol Metabolism

. nawsasoaav-nnqasunduuazan phosphorylation udswasuidu DHAP fiau
o:1na isomerization na1uiJu G3P ndlnalalagadalu

ATP ADP NAD* NADH + H*f O H
o N e N e Y
HO—C—H HO—C—H 0—C ——— H—C—OH
Glycerol | Glycerol
CH,OH kinase CH,0P05% phosphate CH,0PO5* CH,0P052
dehydrogenase
Glycerol L-Glycerol Dihydroxyacetone p-Glyceraldehyde
3-phosphate phosphate 3-phosphate

. uonond glycerol goawsnwWasunauldu pyruvate ua: glucose wWiu
gluconeogenesis naululkula
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Fatty Acid Catabolism

- Fatty acid catabolism

- Omisina fatty acid degradation {ululnaoulase
. gucaumsiia fatty acid oxidation

- Fatty acid activation

- Acyl CoA transport using carnitine

. B-oxidation of fatty acid

Dr Supanut Pairohakul 5




Fatty Acid Catabolism

- Fatty Acid Catabolism (1) - Fatty Acid Activation

. ns:uoumsniomsilasu fatty acid (Koglusduao acyl CoA

. 1han outer mitochondrial membrane

. 1oulsunns=Gunszuoumsi #io acyl CoA synthetase

ATP  AMP + PP,

0 \ / 0
/]\_ + HS—CoA - )‘\ CoA
R 0 R s

Fatty acid Acyl CoA
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Fatty Acid Catabolism

- Fatty Acid Catabolism (1) - Fatty Acid Activation

- (1) fatty acid rmdpnsenu ATP u acyl adenylate ua: PP, O:<R
0 O fk>ﬁ/
L N
/L + ATP )‘\ + PP,
R O R AMP HO...,,
Fatty acid Acyl adenylate Ho-" i

adenine
Acyl adenylate

- (2) sulfhydryl group voo CoA nlurhdpnsenu acyl adenylate inatdu
acyl CoA no=gmsanasoinldlululnasulassadall

O O
)-L + HS—CoA RJ—LS/COA + AMP

AMP
Acyl CoA

R
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Fatty Acid Catabolism

- Fatty Acid Catabolism (2) - Acyl CoA transport

. Activated fatty acid ninadudoodnasonwiu inner mitochondrial
membrane lavoidie voltage-gated ion channel

- Activated fatty acid Jodavordadonaio fio carnitine lunisdndso

.- 91IMIsiiougaY carnitine acyltransferase I nogn outer membrane

R
>:O
0 H:C Ho 0 H:C ¢ 0
)k CoA R N VO ) RN
0A + 2 e, —— 2 .. + HS—~Co
R™ s HsC™/ 0 HsC™/ 0
H3C HC

Acyl CoA Carnitine Acyl carnitine
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Fatty Acid Catabolism

- Fatty Acid Catabolism (2) - Acyl CoA transport

Acyl CoA CoA

N

Carnitine =———> Acyl carnitine
Carnitine

acyltransferase |

Cytoplasmic
side

4l 4l

Matrix
side
Carnitine
acyltransferase Il

Carnitine <ﬁ Acyl carnitine

Acyl CoA CoA
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Fatty Acid Catabolism

- Fatty Acid Catabolism (3) - B-oxidation of fatty acid

0] 0]
H, H FAD FADH, H ‘
Rt _con N R L Lo
C C S Oxidation C c S
Ha Ha Hy H
Acyl CoA trans- A%>-Enoyl CoA
Symbolic notation: 0
ymbolic notation: B « S
R—C—€—C: =
H Hy \
Carbon number: 3 2 1
i 1
C CoA R C CoA
H3C// \\S// + ‘\\C// \\S//
H>
Acetyl CoA Acyl CoA

(shortened by
two carbon atoms)
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O
_ N R
Hydration C C S
H2 & \
HH

L-3-Hydroxyacyl CoA

NAD*
Oxidation
H* + NADH
0 0
HS—CoA H ‘
R C C CoA
/
Thiolysis \C \.C \S/
H, SN\
H H

3-Ketoacyl CoA
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Fatty Acid Catabolism

H, H, H, |

(CH,) C C

; _C C
e 2T TN N TN S

H> H; H; H;

iy, I
2)7

S A

Hy H> H»

0]

C

e

HzC S

e

0

(CHy); _C CoA
HiC \ﬁ/ N
2
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Table 27.1

Principal reactions required for fatty acid degradation

N7 e

Step

Reaction

Enzyme

CoA

\S /COA

1

Fatty Acid + CoA + ATP =—
acyl CoA + AMP + PP;

Carnitine + acyl CoA =—
acyl carnitine + CoA

Acyl CoA + E-FAD —
trans-A*-enoyl CoA + E-FADH,

trans-A*-Enoyl CoA + H,0 ==
L-3-hydroxyacyl CoA

L-3-Hydroxyacyl CoA + NAD" —
3-Ketoacyl CoA + NADH + H™

3-Ketoacyl CoA + CoA —>
acetyl CoA + acy% hCoA ]
shortene
by two
carbon atoms)

Acyl CoA synthetase (also called
fatty acid thiokinase and fatty
acid: CoA ligase)*

Carnitine acyltransferase I and IT
(also called carnitine palmitoyl
transferase I and II)

Acyl CoA dehydrogenases
(several isozymes having different
chain-length specificity)

Enoyl CoA hydratase (also called
crotonase or 3-hydroxyacyl CoA
hydrolyase)

L-3-Hydroxyacyl CoA
dehydrogenase

B-Ketothiolase
(also called thiolase)

*An AMP-forming ligase.

C,-acyl CoA + FAD + NAD" + H,O + CoA —>

C,-,-acylCoA + FADH, + NADH + acetyl CoA + H"

Palmitoyl CoA + 7 FAD + 7NAD" + 7CoA + 7H,0 —>

8 acetyl CoA + 7FADH, + 7NADH + 7H"
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Fatty Acid Catabolism

| [l
e CH3;— (CHy),— (llﬁ— CIJ,I— C— SCoA
H H
Fatty acyl-CoA

ETF:ubiquinone

Lo EAD ETFreq oxidoreductase,, QH, Nllitochondrial H0
acyl-Co. electron
|i/ dehydrogenase (AD) ﬂ |i/ETF o ﬂ m transport

FADH, ETF,, :ubiquinone Q chain 0,

H O oxidoreductase,.q \
Il

|
CHy—(CHy),—C=C—C—8CoA ADP +P; ATP

H
trans-A2-Enoyl-CoA

rel—

enoyl-CoA hydratase (EH)

H 0
CH;— (CHy),— éf CHy;— ("3 — SCoA
on
3-L-Hydroxyacyl-CoA
NAD'

|7 3-L-hydroxyacyl-CoA
J dehydrogenase (HAD)

NADH + H*

I I
CH;— (CH,),— C— CH,— C — SCoA

f-Ketoacyl-CoA
,I/ CoASH
B-ketoacyl-CoA thiolase (KT)
‘il) 0]
N CH3;—(CHy),—C—5SCoA + CH3— C—SCoA
Fatty acyl-CoA Acetyl-CoA

(2 C atoms shorter)
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Fatty Acid Catabolism

- Unsaturated Fatty Acid Catabolism

. gucaums activation na:msandsoinaduikou saturated fatty acid

. 1fa fatty acid oxidation adefu saturated fatty acid [UiSos o dundio:
wadikdontJu C=C a:imsiediukdovas C=C lagardamismioiuvoo
oulsulungu isomerase nasdoinaunnseaddolula

H
H3C\ / )‘k /COA H3C / \ )k /

(CHy)s (CH2)7 —) (CHz)s

Palmitoleoyl CoA
2 3 2 1

cis- A>-Enoyl CoA
cis-A*-Enoyl CoA
isomerase

||_| (0]
(CH2)s  Cx )-K CoA
H> H
4 3 2 1

Dr Supanut Pairohakul trans- A2-Enoyl CoA 13




Fatty Acid Catabolism

CoA

cis-A*-Enoyl CoA
isomerase

HowoozoH
0
(CHy) 2 L CoA
2)a o
HC N’ ¢ s
H w2
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FAD FADH,

N

Acyl CoA
dehydrogenase

H,

_C
(CH2)4 ST S
g
5 4 3 2 1

HsC.

//ﬁ I
\ﬁ
3

trans-A>-Enoyl CoA

cis- A >-Enoyl CoA
isomerase

5 4 3 2 1
trans- A3-Enoyl CoA

NADP*
2,4-Dienoyl CoA
reductase
NADPH + H*
0

2,4-Dienoyl CoA
14




Fatty Acid Catabolism

- Keto bodies

. Acetyl CoA uvwdouo=idasutJuukdowavorunoidonnisendi ketone
bodies e.g. acetoacetate, D-3-hydroxybutyrate ua:= acetone

. duiduadwo:kannina ketogenesis (lululnaaulase)

HsC
CoA Y CoA S \C OH
S/ S\ + H,0 Con / N S
\ c—o0 / \ & X H,C
c—o CoA S =0 |, c WO \
/ CHs CoA \ X C—0
CoA S —0 CH; c—o0 @ V
s ~ \C—O \ / H C/ i / o ©
= / - 2 \ - CH, H2C\ p-3-Hydroxy-
CoA H-,C butyrate
S c=—0 H,C . H-C
\ / \ (9] 6”‘ 3 \
o - % f1é/
CH3 > 3
Acetoacetyl CoA 3-Hydroxy-3-methyl- Acetoacetate Acetone
glutaryl CoA
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Fatty Acid Catabolism

p-3-Hydroxybutyrate What Can | Eat
WhatOen | Eup KETOGENIC DIET

PUT SIMPLY

Dehydrogenase CAN EAT www.myketokitchen.com
NADH + HY  — , S
N 01;(})1ERTFATS The Ketogenic Diet is a High Fat, Moderate
A i W ¢ Av?&gggs;gﬂgms Protein, Low Carbohydrate Diet.
cetoacetate SATURATED FATS BERRIES (RASPBERRIES,
S vl CoA -5 [ | BLACKBERRIES, ETC)
NUTS + SEEDS
uccinyt o . = HIGH FAT
CoA - . ° . “ HIGJ:;['): &IEEQFRY On a Ketogenic Diet 65-
transferase vO: 00 ‘ FULL-FAT CREAM, 75% of your daily calorie
. LEAFY GREENS
Succinate SPINACH, KALE ’ o @

BUTTER intake should come from ‘
fats.
4B ABOVE- -
TN m
N MEATS
P Y Y
Acetoacetyl Coh i/ Wl APES

Protein consumption
CoA
Thiolase /

@ should make up 20-30% of
consumption should make up ‘ ’
5% of your daily calories

your daily calorie intake.
primarily from cruciferous

GRAINS SUGAR FRUIT STARCHY ROOT VEGGIES vegetables
WHEAT, CORN, RICE, CEREAL HONEY, AGAVE, MAPLE SYRUP APPLES, BANANAS, ORANGES POTATO, YAMS

LOW CARBOHYDRATE

Your carbohydrate

e E{@‘t@gég

Aside from the well
documented Weight Loss,
Ketogenic Diets have been
shown to benefit
neurological functions,
improve heart health and

Dr Supanut Pairohakul Bodies for fuel i

glycogen, o




Fatty Acid Synthesis

- Fatty Acid Synthesis

. Judoaunsdolnsizknsaluu

- msdndso acetyl CoA [Ugolslnwaidu
. mswasu acetyl CoA 1Ju malonyl CoA

- msdonsizknsalugudssmsidu C, [Widusndns
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Fatty Acid Synthesis

- Fatty Acid Synthesis (1)

. msadnawso acetyl CoA onlulnasulaseo=dudsolusduav citrate kdooinuu

Sowasunauldu oxaloacetate ua: acetyl CoA naolugo cytoplasm

MITOCHONDRION

Acetyl CoA

CYTOPLASM

Acetyl CoA

Citrate

Oxaloacetate

Pyruvate

> Citrate

Oxaloacetate

y NADH

Malate

Dr Supanut Pairohakul

Pyruvate /Q
NADPH
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Fatty Acid Synthesis

Cytosol CYTOPLASM Glucose MITOCHONDRION

Mitochondrion

co;
= | Glycolysis
CO; CH, v
! | = z Pyruvate ————- -——>  Pyruvate
(|:H2 HO— (IJ_ CO, Glucose Fatty Acid
| | Pentose :
(|3H2 COy phosphate | — o
oz — ATP + H—SCoA pathway §  NADPH Malate Oxaloacettc Acety
o
TP citrate lyase 9 *
H— SCoA I . pa—
. ‘\ ADP + P, + CH;—C —SCoA Bibulose 1 |
citrate synthase P 5-phosphate Acety Co/\ ’Oxa oacetate
(0) 2
i Y, \ | ~
i C=0
C%ce t;r:l CoSAC as Oxaloacetate | Citrate € ———————— ———— Citrate
CH,
|
e COy
I_2 K NADH + H* Figure ?8.2 PATH\‘\"AY INTEGRATION:
?_O Oxaloacetate malate dehydrogenase Fatty acid synthesis. Fatty acid synthesis
CH, NAD* requires the cooperation of various metabolic
é - co- pathways located in different cellular
? b 2 compartments.
Malate HO—C—H
|
ADP + P; ?HZ
- o 1 —
pyruvate carboxylase co;
HCOj; + ATP |~ A
mahc enzyme
N NADPH + CO,
o 2
Y
[ Pyruvate Pyruvate |
CH3 CH3
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Fatty Acid Synthesis

- Fatty Acid Synthesis (2)

. mswasu acetyl CoA 1Ju malonyl CoA - committed step

- Acetyl CoA [Usoufiu HCO5 1faidu uazordfawdooiuoin ATP

. {Houlsu acetyl CoA carboxylase 1

I
CH; —C—SCoA
HCO; + ATP ADP + P,

Acetyl-CoA )
E —biotin \ j - E —biotin—CO;, \ » ~0,C—CH,—C—SCoA + E—biotin
Biotinyl-enzyme Carboxybiotinyl-enzyme Malonyl-CoA
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Fatty Acid Synthesis

- Fatty Acid Synthesis (3)

. Us=nauduonduaau condensation, reduction, dehydration ua:

reduction Wudrauinadollioonu

. {5 fatty acid synthase %o1du complex distinct enzymes lunmissou

acetyl CoA, malonyl CoA ua: NADPH

- 91gdonaly Ao acyl carrier protein (ACP)

Table 28.1 Principal reactions in fatty acid synthesis in bacteria

Step Reaction Enzyme
1 Acetyl CoA + HCO; + ATP —> malonyl CoA + ADP + P; + H' Acetyl CoA carboxylase
2 Acetyl CoA + ACP == acetyl ACP + CoA Acetyl transacylase
3 Malonyl CoA + ACP === malonyl ACP + CoA Malonyl transacylase
4 Acetyl ACP + malonyl ACP — acetoacetyl ACP + ACP + CO, B-ketoacyl synthase
5 Acetoacetyl ACP + NADPH + H' == p-3-hydroxybutyryl ACP + NADP" B-ketoacyl reductase
6 p-3-Hydroxybutyryl ACP == crotonyl ACP + H,0 3-Hydroxyacyl dehydratase
7 Crotonyl ACP + NADPH + H" — butyryl ACP + NADP" Enoyl reductase

Dr Supanut Pairohakul
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Fatty Acid Synthesis

Phosphopantetheine
group

Acyl carrier protein Coenzyme A

Figure 28.3 Phosphopantetheine. Both acyl carrier protein and coenzyme A include
phosphopantetheine as their reactive units.
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Fatty Acid Synthesis

0]

|
/C\S /ACP
Acetyl ACP
+
1 T

.
H,
Malonyl ACP

HsC

ACP

Condensation
ACP + CO,

0o

1]
/C\C/C\S/ACP
H>
Acetoacetyl ACP

HsC
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1T
/\/\S/ACP

H>
Acetoacetyl ACP

NADPH

HzC

Reduction
NADP™*

HQ 0
\ ) ‘ ACP
¥ \ " C\S/
H2
p-3-Hydroxbutyryl ACP

HzC

HO 0
\CH ‘c ACP
N C/ \S/
H»
p-3-Hydroxbutyryl ACP

HsC

Dehydration
H,0
0
hél ﬂ ACP
A
Hs C/ C/ ™ /

H

Crotonyl ACP

0]

ACP
H3C/ \F/ g -
H

Crotonyl ACP
NADPH

H
Ca

Reduction
NADP™*

Butyryl ACP
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Fatty Acid Synthesis

0 co; O
CH. (”‘ SCoA + H—SACP é)H ll‘ SCoA + H—SACP
3— Y - 2= L -
Acetyl-CoA Malonyl-CoA The Synthesis of Palmitate Requires 8 Molecules of Acetyl CoA,
lonyl/acetyl-CoA-ACP 1a lonyl/acetyl-CoA-ACP 1b
H*SC«\A—{ transacylase (MAT) H—SC0A “—] {iancacylase (MAT) 14 Molecules of NADPH, and 7 Molecules of ATP
0 7 Now that we have seen all of the individual reactions of fatty acid synthesis, let us
CH,;— C —SACP CH,— C—SACP

Acetyl-ACP Malonyl-ACP determine the overall reaction for the synthesis of the C,4 fatty acid palmitate.

BSE The stoichiometry of the synthesis of palmitate is
e Acetyl CoA + 7malonyl CoA + 14 NADPH + 7H' —>
O etoacyl-, synthase ]
b [ AT 6 palmitate + 7 CO, + 14 NADP® + 8 CoA + 6 H,0
co, + H—s—m' The equation for the synthesis of the malonyl CoA used in the preceding reaction is
o] 0]
CH;;*!?*CHgfg—SACP 7 acetyl CoA + 7CO, + 7ATP —>
Acetoacetyl-ACP .
e namen 1 7 malonyl CoA + 7ADP + 7P, + 7H
B-ketoacyl-ACP reductase (KR) 3
NaDP* Hence, the overall stoichiometry for the synthesis of palmitate is
OH O
()HH—(:?—CHZ—(”)—SACP 8 acety] CoA + 7ATP + 14 NADPH —
o -HydrosybutyrylACP palmitate + 14 NADP* + 8 CoA + 6H,0 + 7ADP + 7P,

-hydroxyacyl-ACP dehydrase (DH) 4 |
1,0 JB ydroxyacy! ¥ 4

H O
Il
CHy— (l_," =C—C—SACP
H
«,p-trans-Butenoyl-ACP

H* + NADPH
enoyl-ACP reductase (ER) 5 |
Nappt
9]

I
CHy— CH,— CH,— C — SACP

Butyryl-ACP

six more times
after 7 reaction cycles
i
CH,CH, —(CH,);;— C — SACP
Palmitoyl-ACP
H,0 # palmitoyl thioesterase (TE) 6

It
CH,CH,—(CHy,;—C— 0" + H—SACP

Palmitate 24




Fatty Acid Synthesis

B Oxidation

Occurs in mitochondrion

CoA is acyl
/—> Fatty acyl-CoA (C,,,9) group carrier
FAD FAD is electron
FADH, acceptor
Enoyl-CoA

H,0 \i

L-B-Hydroxyacy!
3-.-Hydroxyacyl-CoA group
+
NAD" — NAD" is electron
NADH + H' < acceptor

Y
B-Ketoacyl-CoA

CoA — C, unit product

Acetyl-CoA</‘ ' is acetyl-CoA

| Fatty acyl-CoA (C),)

FIG. 20-23 Comparison of fatty acid B oxidation and fatty acid
biosynthesis. Differences occur in (1) cellular location, (2) acyl
group carrier, (3) electron acceptor/donor, (4) stereochemistry of the

Dr Supanut Pairohakul

- AAA o Biosynthesis

, i Occurs in cytoplasm

gt . )
A : b ACP is acyl Fatty acyl-ACP (C, )

§ A L) group carrier o \
AAPAIS )
3D NaDPHs NADP

N » electron donor NADPH + H'
e Enoyl-ACP
A H,0
TYa[Is  oBHydovacy 3. Hydroxyacyl-ACP

A .  group N

AR > NADP'

N n B NADPH is (_ "
. electron donor NADPH + H
o ¥, B-Ketoacyl-ACP

Ay », A

~ Et: _ ) C, unit donor | — CoA + CO,

W STAAAA o is malonyl-CoA e Malonyl-CoA
‘ L) Fatty acyl-ACP (C,) 4—/

»,
»,

hydration/dehydration reaction, and (5) the form in which C, units are
produced/donated. WPLS See the Animated Figures.
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Fatty Acid Synthesis

- Fatty Acid Desaturation and Elongation

C16:0 Elo
(palmitic acid)
A9 Des
C16:1n7 Elo

(palmitoleic acid)

c18:0
(stearic acid)

Isomerisation ,.*~

C18:1n7
(cis-vaccenic acid)
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-
-

-

A9 Des

-

C18:1n9 A12 Des C18:2n6 A15 Des C18:3n
(oleic acid) w6 Des (linoleicacid: LA)  ,3pes (a-linoleic acid: ALA)
v
Elo A6 Des A6 Des Elo
v v
. A15 Des R .
€20:2n6 C18:3n6 — e C184n3 ©20:3n3
A8 Des Elo Elo A8 Des
\ 4 v
C20:3n6 AT7Des | ¢20:4n3
w3 Des
A5 Des A5 Des
\ 4 A J
A17 Des
C20:4n6 » C20:5n3
Elo Elo
\ 4 A J
Elo A19 Des Elo
C24:4n6 < C22:4n6 » C22:5n3 » C24:5n3
w3 Des
A6 Des A4 Des A4 Des A6 Des
4 v
C24:5n6 B-oxidation ¢99:5n6 A19Des(?) | c22:6n3  P-oXidation  oyp6n3
w3 Des (DHA) (DHA)
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Fatty Acid Synthesis

PLA,
Phospholipids iy

Leukotrienes

f Lipoxygenases

DG lipase
Arachidonate | < Diacylglycerols

. Prostaglandin

‘synthase

Prostaglandin H,

Prostacyclin

synthf?\\\

Prostacyclin
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(PGH,)
Thromboxane
; @qthases
Other Thromboxanes
prostaglandins
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Fatty Acid Synthesis

- Fatty Acid Metabolism (Regulation)

- Acetyl CoA carboxylase 1 (n1sdoinsizk malonyl CoA)

- msaouauniu phosphorylation na: dephosphorylation

ATP ADP
ﬂ/lP-activatN @
protein kinase
Active Inactive
carboxylase carboxylase

Protein

wsphataseiﬁl/
N
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Fatty Acid Synthesis

- Fatty Acid Metabolism (Regulation)

- Acetyl CoA carboxylase 1 (n1sdoinsizk malonyl CoA)

- Allosterically regulation dow citrate (activator)

Inactive dimers Active filaments

& &) * Citrate + MIG2

R, j%"%@a
? QIIIIIIIIIII

. i palmitoyl CoA vino=mii filament disassembly uanontgo
N

gudy translocase lunisaidey citrate
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Fatty Acid Synthesis

- Fatty Acid Metabolism (Regulation)

- Acetyl CoA carboxylase 2 [lululnnaulase (fatty acid degradation)

. i malonyl CoA vino:8iuge carnitine acyltransferase I o
nisun fatty acyl CoA 1inlUfu mitochondrial matrix tGasao
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Lipid Synthesis

Endoplasmic reticulum )
@

Glucose s> DHAP wmp _ Glycerol wwms> Phosphatidate*
3-phosphate

Alcohol*
( /LIVER ¥ =
/ADIPOSE TISSUE OR DIET y v

®
Glycerol ~ Pi
Triacylglycerol ”
; Phospholipid
Triacylglycerol { N Y. PRotip
\ Free \ o
\_ fatty acids ) *For phospholipid synthesis, either
phosphatidate or the alcohol must
, be activated by reaction with an
Active pathways: NTP (4).
1. Glycolysis,

2. Triacylglycerol breakdown
3. Triacylglycerol synthesis
4. Phospholipid synthesis
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