Chapter 10. Lipid Metabolism
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1. Digestion, mobilization and transport of fatty acid
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1) Dietary fats are absorbed in the small intestine
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Fig. Processing of dietary lipid in vertebrates. The fatty acids released from
tracylglycerols are packaged and delivered to muscle and adipose tissues.

2) Hormones trigger mobilization of stored triacylglycerols
(BE20] HEE XL 0ISE qEcH
* Human lipid storage : ¥3t% 2, 53 F7ret 7o X&YW (lipid
droplet’ZEHHE &
* o7+, o] F 9 lipid storage : zFel lipid A&

_1_



Hormone Adenylyl

cyclase
- yA\
Receptor e
@
ATP cAMP O

‘ Fatty acid

@ g%’\ transporter
N Hormone-\, : @
C? ‘ 3 oxidation,

citric acid cycle,
respiratory chain

sensitive ||
O,@ Y-\ lipase.©/ U
ogs _® rd o =
Perilipin D/® ’ )

I\ 1l
Q’O:C\FD\ o ///
Lipid / \‘ Bl
droplet | ! ®©|| 4 co,

5 © Serum
Fatty acids ¢ albumin
Triacyl- .
glycerol Adipocyte O Myocyte

|
Bloodstream

Fig. Mobilization of triacylglycerols stored in adipose tissue.
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3) Fatty acids are activated and transported into mitochondria
(A4S A3 AHEA Qo &2 FRkET)
@ Fatty acid activation (XI2At0] =M B}

Fatty acid + CoA + ATP <«—= fatty acyl-CoA + AMP + PPi

acyl CoA synthetase
@ Transfer fatty acyl-CoA into mitochondria
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Fig. Fatty acid entry into mitochondria via the acyl-carnitine/carnitine
transporter

2. B-2ASH 3 -0xidation)
1580l (B-A181), 2943H] (Citrate cycle), 3THHl (XX ASHE OIAKS))

1) B-oxidation of saturated fatty acids has four basic steps
(ESFA A Abshs 712241 4G A2 1 E T
2) The four steps are repeated to yield acetyl-CoA and ATP
« Palmitoyl-CoA + CoA + FAD + NAD + H: O —»
miristoyl-CoA + Acetyl-CoA + FADH, + NADH + H’
% Palmitoyl-CoA + 7CoA + 7FAD + 7NAD" + 7TH.O —»

8 acetyl-CoA + 7FADH, + 7NADH + 7H'

+ Palmitoyl-CoA + 7CoA + 70, + 28Pi + 28ADP

8 acetyl-CoA + 28 ATP + 7H.0
NADH — 2.5 &XI29| ATP ‘4, FADH — 1.5ATP




3) Acetyl-CoA can be further oxidized via the citric ac
- 8 acetyl-CoA + 160, + 80Pi + 80 ADP —>
8 CoA + 80 ATP + 16 H.0 + 16 CO:
~ Palmitoyl-CoA + 23 0, + 108 Pi + 108 ADP —>
CoA + 108 ATP + 16 CO2 + 23 H.0
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Fig. Stages of fatty acid oxidation.

id cycle

Stage 1 : B-oxidation, Stage 2 : Citric acid cycle, Stage 3 : Electron transfer chain

TABLE 17-1 Yield of ATP during Oxidation of One Molecule of Palmitoyl

-CoA to CO, and H,0

Number of NADH Number of ATP

Enzyme catalyzing the oxidation step or FADH,, formed ultimately formed*
Acyl-CoA dehydrogenase 7 FADH, 10.5
B-Hydroxyacyl-CoA dehydrogenase 7 NADH 175
Isocitrate dehydrogenase 8 NADH 20
a-Ketoglutarate dehydrogenase 8 NADH 20
Succinyl-CoA synthetase gt
Succinate dehydrogenase 8 FADH, 12
Malate dehydrogenase 8 NADH 20

Total 108
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Fig. Fatty acid oxidation (B-oxidation) pathways
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4) Oxidation of unsaturated fatty acids requires two additional reactions

* cis—form unsaturated fatty acid —— trans—form unsaturated fatty acid

[enoyl-CoA isomerasel
= Oxidation of polyunsaturated fatty acid
[2,3-dienoyl-CoA reductase, enoyl-CoA isomerasel]

o) Oxidation of odd chain fatty acids requires three extra reactions
* Odd number fatty acids —— propionyl CoA (XIZSHH=)
(B-oxidation)
+ In Animal
[carboxylase]

Propionyl-CoA (7? D-methylmalonyl-CoA
[COs, ATP, biotin] l [epimerase]

L-methylmalonyl-CoA
vitB12 [mutase]
Succinyl-CoA (TCA 2Z9] FZHAE)



3. Regulation of fatty acid metabolism
O Fatty acyl-CoAs formed in the cytosol have two main pathways

- In mitichondria : B -oxidation
- In cytosol : conversion into triacylglycerols and phospholipids

1) Fatty acid oxidation is tightly regulated : malonyl-CoA
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Fig. Coordinated regulation of fatty acid synthesis and breakdown

4. Ketone bodies (HIEHI)

1) Ketone bodies formed in the liver are exported to other organ
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Fig. Ketone body formation and export from the liver.



2) Extrahepatic tissues use ketone bodies as fuels
3] Ketone bodies o] 4

- very soluble in blood and urine

- tolerate at high concentration

- diffuse rapidly through membrane

- rapid metabolized to CO, and H>O

4) Ketone bodies are overproduced in diabetes and during starvation
« In liver : ketone bodyZ ©]&3}# 33
* kidney, muscle, brain9l A 23 X
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0. X|&2detd(Biosynthesis of lipid)
1) A "ak A 3kA (Biosynthesis of fatty acids)
(D Malonyl CoA is formed from acetyl CoA and bicarbonate
* Enzyme : Acetyl-CoA carboxylase (ACC)
* Activator @ citrate
* Inhibitor : glucagon, epinephrine, palmitoyl-CoA
@ The fatty acid synthase complex has seven different active sites
(A A a4 BoAl= el tE &4dstAd s ZHA AL v
x Acyl carrier protein (ACP) : o} 7] &4 chulz]
* Prosthetic group(EZ2 Y=e) @ 4’phosphopantetheine

- intermediate in the synthesis of coenzyme A

[Palmitate (C16:0) Biosynthesis]

Palmitate
(60%)
Y~ NADPH «— PPP «— Glucose
Malonyl-CoA L
t@© acc
Acetyl-CoA i
T@ OAA —» Malate Pyruvate

Citrate / \
A

v
Citrate Pyruvate

@
COq2
OAA" + Acetyl-CoA

CO, & Mitochondria membrane

@ The fatty acid synthesis reactions are repeated to form palmitate
(A At S-S B ELLS FAd35H7] YslA dhEET

* ]st step : the formation of seven malonyl-CoA molecules
- 7 Acetyl-CoA + 7CO2 + TATP ——» 7 malonyl-CoA + 7TADP + Pi
* 2nd step . the seven cycles of condensation and reduction
- Acetyl-CoA + 7 malonyl-CoA + 14NADPH + 14H —»
palmitate + 7COs + 8CoA + 14NADP’



~ The overall process (MAIAQ NtAH) :
- 8 Acetyl-CoA + 7ATP + 14ANADPH + 14H" —
palmitate + 8CoA + 6H.,O + 7ADP + 7Pi + 14NADP’

* ATP is required to attach CO- to acetyl CoA to make malonyl-CoA

* NADPH is required to reduce the double bonds
* Key enzyme : acetyl-CoA carboxylase (ACC)
* Malonyl COA : inhibits carnitine acyltransferase I

@ Acetate is shuttled out of mitochondria as citrate

(® Fatty acid biosynthesis is tightly regulated by acetyl-CoA carboxlase
Long chain fatty acids are synthesized from palmitate

® Some fatty acids are desaturated by fatty acyl-CoA desaturase

(@ Triacylglycerol biosynthesis in animals is regulated by hormone(insulin)
(TEANA FAATY AFAAL A<= g3A 2d4dd)
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dehydrogenase _ Acetyl-CoA citrate Acetyl-CoA

lyase

Bminorasids Oxaloacetate ‘ Oxaloacetate
NADH® + H* NADH" + H*
malate ¢ malate
dehydrogenase dehydrogenase
+ NAD*
Malate
ADP +P; NADP*
ATP NADPH +H*
o,

—{ Pyruvate

Pyruvate

Fig. Shuttle for transfer of acetyl groups from mitichondria to the cytosol
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2) SR} X|Wato] WetM(Biosynthesis of unsaturated fatty acid)

O #Hzx9 olz4% =9

% ©7]% 7 2 : In animal

Stearoyl-CoA + O + NADPH ——» Oleoyl-CoA + NADP' + 2H,0O
desaturase

@ ¥714 & : eubacteria (X ¥5F)

* Cis—o]T4g o] Cp A =9

24

@ BN 0lz&EE9 =2 (in plant)

“oH +Co +2H
* C18 : 2(9,12) — C18 : 369,120 — C20 : 3811,14) — C20 : 4(5811,14)
linoleic y-linolenic Homo-vy-linolenic arachidonic

@ Desaturase (E3X3}84)
* LH%5 %  microsomeo] &4
7] 2 acyl-CoA
4~ NADPH, NADH, O
* BXSGAE JI2EEA7]Y BHFFoE dojd.

3] Regulation of fatty acid synthesis (X]9tAHSHA XA

,-——- Citrate
! . insulin triggers
1 citrate
& -- . .

: lyase @ activation
1 v
\ Acetyl-CoA

S >

acetyl-CoA ®<‘ — _glucagon,
carboxylase epinephrine
e => ¥ trigger phosphorylation/
Malonyl-CoA inactivation

1
1
1
1
1
1 v
1
1
1
\

v

(a) *~=-Palmitoyl-CoA (b) i

4) MZ2 tHAI (Membrane metabolism)
(D Phospholipid (814 2)
* A2 AP SERONA Lot}
w 91X # o] thALS] A (turnover)S =T},
« A4 A el= CTPIt SL(CDP-diacylglycerol)
* Phosphatidylethanolamine 7» Phophatidylcholine
SAM (methyl group donor)
« QIX|&O] BBF : Phosphatidylcholine(lecithin), Phosphatidyl ethanolamine,
Phosphatidyl serine, Phosphatidyl glycerol, Cardiolipin
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@ Sphingolipid
+ Sphingosine (0tOI'=2&), ceramide(AT 147Xl
* Palmitoyl-CoA + Serine —— Ceramide —» Galactocerebroside
Sphingo‘rﬁelin& Glucosylceramide

— Glucosylceramide : ceramide + UDP-glucose
- Sphingomyelin : ceramide + phosphatildylcholine
- Galactosylceramide : ceramide + UDP-galactose

* Sulfatide : Galactocerebroside + PAPS

x AL Fol A ¢ PAPS(3’-Phosphoadenosine—5’-phosphosulfate)

* Spingolipid(£3 12 d)<& lysosome Ul A #3 &}

5) Eicosanoid Metabolism
Cell membrane phospholipid

Phospholipase As

|Arachidonic acid]

Cyclooxygenase 5-Lipoxygenase
Prostaglandin Leukotriene
Thromboxane

[Pathway from arachidonic acid to leukotrienes]

6. The comparison of glucose and fatty acid synthesis

1) Glucose synthesis (Gluconeogenesis)

ATP ADP
Pyruvate p » PEP —  » Glucose
ATP ~G'=+6.1kcal/mole
A@\
ADP CcO2
0AA A P
GTP GDP

* The overall reaction :
Pyruvate + 2ATP — PEP + 2ADP + Pi
AG'=+0.2kcal/mole
O pyruvate kinase
@ pyruvate carboxylase
@ PEP carboxylase
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2) Fatty acid synthesis
* 2Acetyl-CoA ——x—>» Acetoactyl-CoA
AG'=+Tkcal/mole
ATP ADP + Pi

Acetyl-CoA Z\ﬁ/@—» Malonyl-CoA
CO, G'= very negative

CoA ‘/ACP CoA /(ACP
Acetyl-ACP Malonyl-ACP
@

COz G'= very negative

Acetoacetyl-ACP

Fatty acid
D Acetyl-CoA carboxylase @ Acetyl transferase
@ Malony! transacylase @ Keto acyl synthetase

7. Cholesterol Metabolism
1] Cholesterol synthesis
* synthesized in the liver
* Cholesterol is made from acetyl-CoA
« A ] cholesterol7-> LDL receptor Ol 2J0f =&
@ Syhthesis of mevalonate from acetate
- 2Acetyl-CoA —— > Acetoacetyl-CoA
Lkv CoA
B-Hydroxyl-B-methylglutaryl-CoA
[HMG-CoAl
l HMG-CoA reductase
2NADPH
Mevalonate

@ Mevalonate ——> activated isoprene unit(isopentenyl pyrophosphate)
@ Isopentenyl pyrophosphate ——» Squalene
@ Squalene ——— Lanosterol — Cholesterol
* Cholesterol is exported in one of two forms : bile acids or cholesteryl
esters Fatty acyl-CoA CoA-SH
* Cholesterol _ » Cholesteryl ester
Acyl-CoA-cholesterol acyl transferase(ACAT)
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* Cholesterol + lecithin ——» cholesteryl ester + lysolecithin

Lecithin—cholesterol acyl transferase(LCAT)
* Cholesteryl esters enter cells by receptors—-mediated endocytosis

2) SYIAHE MBHAO| X A(Regulation of cholesterol biosynthesis)

* Cholesterol synthesis is a complex and energy expensive process

* Cholesterol production is regulated by intracellular cholesterol conc. and
by the hormone glucagon and insulin

O High intracellular Cholesterol
- ACAT EME 31
- HMG-CoA reductase etAil &M ol

- 2t Q19| TIE ZZI0IM cholesterol M E X{0H
- 0L +=8H A 2AH

- BloodZ25H cholesterol®] S+& =ciAl S

O LOL +=8HI9 2E2 ISYAHSESI SHFAS

flio

107},
O Cholesterol degradation
Cholesterol >—>—— Cholic acid ——— Glycocholate(3&4t<d)
Glycine
© Regulation of cholesterol biosynthesis]

Acetyl-CoA
multistep

B-Hydroxy-3-methyl-

glutaryl-CoA
@* ------- insulin
HMG-CoA
reductase ®<' ----- glucagon

®<----x.

v \ stimulates

Mevalonate | proteolysis
1 of HMG-CoA

y T multistep 1 reductase
@ \\ \ 4 7)I(
Cholesteryl .Cholesterol - !
esters ACAT (intracellular) i
receptor- 1 ,'

mediated ® & e ’

endocytosis

LDL-cholesterol (extracellular)

Fig. Regulation of cholesterol formation balances synthesis with dietary uptake
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3) Steroid Hormone synthesis
— Some steroid hormones derived from cholesterol
— Cholesterol @AY FTA= 98 7IA FAHAAFZ=Z 34,

Cholesterol

v
Pregnenolone
A 2
Progesterone
v
. Testosterone
Corticosterone
Cortisol (mineralocorticoid) 1
(glucocorticoid)
. Estradiol
Affects protein and
carbohydrate metabolism; Male and female sex
suppresses immune hormones. Influence
response, inflammation, secondary sexual char-
and allergic responses. acteristics; regulate
female reproductive
NE cycle.

Aldosterone (mineralocorticoid)
Regulate reabsorption
of Na*, CI", HCO3in
the kidney.
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4) Cholesterol S

- Uptake of cholesterol by receptor-mediated endocytosis

LDL particle (#N
AP ApoB-100
Cholesteryl

ester

LDL receptor (\'\‘V?

& — receptor-mediated foa
/_\S\\\ —__f endocytosis
) % et =\
Golgi [(SF
\Y
& complex \\Fy
iy, i
~ - LDL receptor G
o = v Rinte: ( {6\ Endosome
= ' Endoplasmic 3 )
. S (s reticulum /‘\.3,
< Lysosome
Amino
acids

Fa
. Cholesteryl acit.z
.\ \esterdroplet
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Liver T—
i Reverse
Intestine : ‘\ cholesterol
| - < Jtransport

HDL'

:\(‘
@

Extrahepatic
tissues

i VLDL
Chylomicron () remnants
remnants (O (IDL) Ss

HDL precursors
(from liver and
intestine)

Ilpoprotem Ilpase
Free fatty acids
Mammary, muscle, or adipose tissue

[EdME HEE =F]

Adipose tissue Blood Liver
Lipoprotein
Glycerol lipase \dGlyceroll
Triacylglycerol Fat'ty Triacylglycerol
acid
* P Fatty
®,
*~~“_—k acid
Glycerol Fuel for Glycerol
3-phosphate tissues 3-phosphate
9'V‘e'° 1 PEPCK PEPCK
neogenesusn
Pyruvate Pyruvate
\@ ,—-q@’
DNARVA | | ! | AKX

Glucocorticoids \_’/

- EFIIBEINE ZE2EL A ZYHNE AFAHF glucoseA T4 S
A 713 ARz qAE SYAE AFE S dATH
EPCK : PEP carboxykinase
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