Tissue Lipid Metabolism:
B-oxidation of Fatty Acids

L ecturer Alexander N. Koval




The structure of the lecture course
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Proteins and Nucleic
Acids

Biochemistry of
lipids 1. Classification.

i e L . . ’ P Organs and Systems
————————————— Digestion and absorption.
— Membrane structure and \

functions.

Biochemistry of
lipids 2. Lipoprotein
metabolism. Tissue lipid
metabolism: b-oxidation
of fatty acids.

Biochemistry of
lipids 3. Tissue lipid
metabolism: lipid

biosynthesis.

Biochemistry of
lipids 4. Lipid
metabolism regulation.
Pathology of the lipid
metabolism.
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Biochemistry of Lipids-2

Tissue Lipicd Metabolism:

1. B-oxidation of fatty acids
2. Ketone bodies metabolism
3. Acetyl-CoA metabolism




S.

6.

Contents

'Ilg'lranc?portation and absorption of free fatty acids (FFA) in
ood.

The mechanism of fat mobilization (role of hormones,
cAMP and Ca?*).

Oxidation of triglycerids (TG) in tissue, oxidation of
glyceroal, its energy balance.

Stages of -oxidation of saturated fatty acids.

= The mechanism of activation and transport of fatty acids

through mitochondrial membrane. Role of carnitine.

= Features of -oxidations of unsaturated fatty acids and fatty

acids with an odd number of atoms.

= The energy balance of oxidation of C,, C., C,g.,.
= The energy balance of tristearate oxidation.
= Physiological role of FFA in stress.

Metabolism of Acetyl-CoA (pathways of formation and
utilization).

Ketone bodies — biosynthesis, utilization, physiological
role.
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FFA Transportatlon and Absorption

Periferic JEn s R ; « The triacylglycerol
tissues rascent) components of
' VLDLs and
chylomicrons are
hydrolyzed to free
fatty acids and
glycerol in the
capillaries of
adipose tissue and
skeletal muscle by
the action of
lipoprotein lipase
(LPL).

" Apo B+ Apo E
(remnant) receptor

The free fatty acids are then absorbed by the cells and the
glycerol is returned via the blood to the liver (and kidneys).

The glycerol is then converted to the glycolytic intermediate

DHAP.
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An overview of tissue metabolism

Dietary Fuels
Digestion l
v v
~ Amino acids Glucose Fatty acids

: A

H i A
Glycolysis l

p oxidation E »"Pyruvate
Pyruvate oxidation

Amino acid catabolism l

> Acetyl-CoA =
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Acetyl-CoA

carboxylase
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Fat Metabolism

« Fats (triacylglycerols)
are the most important
energy reserve in the
animal organism.

* They are mostly stored
In insoluble form in the
cells of adipose tissue —
the adipocytes — where
they are constantly
being synthesized and
broken down again.
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Model for the Activation of Hormone-
Sensitive Lipase by Epinephrine

« Epinephrine binds its'
receptor and leads to the
Hormone-Induced Fatty Acid Mobilization in Adipocytes activation of adenylate
cyclase.
The resultant increase in
cAMP activates PKA which
then phosphorylates and
activates hormone-sensitive

Epinephrine ——= adenylate cyclase

— e lipase.
== receplor G-pmtein - Hormone-sensitive lipase
“PKA hydrolyzes fatty acids from
ATP triacylglycerols and
IIJ ADP diacylglycerols.
Hormone-sensitive lipase The final fatty acid is

MAG lipase released from
l monoacylglycerols through
Glycerol MAG DAG TAG the action of
7 ; ; monoacylglycerol lipase, an
fatty acid fatty acid enzyme active in the

copyright 1996 W king @0S€NCE of hormonal
stimulation.
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Hormone

@
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b oxidati
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Bloodstream
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-~ TAG Mobilization

Low levels of glucose in the blood
trigger the release of glucagon,

the hormone binds its receptor in
the adipocyte membrane and thus

stimulates adenylyl cyclase, via a
G protein, to produce cAMP.

This activates PKA, which
phosphorylates the hormone-
sensitive lipase and

perilipin molecules on the surface
of the lipid droplet.
Phosphorylation of perilipin
permits hormonesensitive lipase
access to the surface of the lipid
droplet, where

it hydrolyzes triacylglycerols to free
fatty acids.

Fatty acids leave the adipocyte,
bind serum albumin in the blood,
and are carried in the blood; they
are released from the albumin and

enter a myocyte via a specific fatty
acid transporter.

In the myocyte, fatty acids are
oxidized to CO,, and the energy of
oxidation is conserved in ATP,
which fuels muscle contraction and
other energy requiring metabolism
in the myocyte.
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Hormonal Regulation of Fatty Acid

I\/Ietabollsm

Dietary High blood Low blood
carbohydrate ~ glucose glucose
I i
[:DJr +
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®
T PRCONE
In,actwe
phosphatase l\‘\ o ®) PKA
P, g
k4 @‘ \\\l //"
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t
b |t
complex
Fatty acids
Fatty acid
synthesis
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b oxidation

Koval A. (C), 2016

Fatty Fatty acyl- CoASH
acyl-CoA carnitine —-\'
carnitine
;® ::;;;femse I Carnitine 4/
//“ @ v
- Fatty
-’/ Fatty acyl- acyl-CoA
carnitine EADH
b oxidation l
lNADH
Acetyl-CoA
Fatt id
At Mitochondrion
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B-Oxidation of Fatty Acids
& Ketone Bodies Metabolism




Reactions of Oxidation

« Fatty acids must be activated in the
cytoplasm before being oxidized in the
mitochondria.

« Activation is catalyzed by fatty acyl-CoA
ligase (also called acyl-CoA synthetase or
thiokinase).

* The net result of this activation process is
the consumption of 2 molar equivalents of
ATP.

« Fatty acid + ATP + CoA ----- > Acyl-CoA +
PP, + AMP
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Electron-

: AT
i '-Qxi'?‘l ™ EOH———
i Respirato
cha?n i
B-Carb _
Ly o« Fatty acid
C—'C'—(If-—c S—

L degradation:
- 3-oxidation

Acyl CoA
(n— 2 carbons)

/ Acyl-CoA dehydrogenase 7.3.99.3

Rasriiaton NIA é é |C g . Enoyl-CoA hydratase 4.2.1.17

irat S e i e

‘ chaﬁ1 : L’ T T “S_—]B‘J 3-Hydroxyacyl-CoA dehydrogenase
\_/4 H H H 1.1.1.35

Acetyl-CoA acyltransferase 2.3.1.16
ETF dehydrogenase [FAD, Fe4S4] 1.5.5.1
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Transport of Fatty Acyl-CoA

Carnitine O  Acyl
O-palmitoyltransferase \)YL(\/\Cé Y

carnitine

2.3.121 | o
0 3
Fat degradation | _[S-Oxidation

| | @OOC—CHZ—(li—CHz—ITl@CH3

¥ CH,
ACY' g g Acyl
g
Carnitine % § Carnitine

\
Agl L Ay
carnitine ( )A carnitine

Oxidation of fatty acids occurs in the mitochondria.

Acyl-carnitine is the transport form of fatty acyl-CoA into the
mitochondria

— enzyme - carnitine acyltransferase I,

— resides in the outer mitochondrial membrane.

In the mitochondria another enzyme carnitine acyltransferase
Il catalyzes the regeneration of the fatty acyl-CoA molecule.
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Carnitine
OH

O

I \/
/\/ \/\
H7 Hf, =

* Activated long-chain fatty acids are transported
across the membrane by conjugating them to
carnitine, a zwitterionic alcohol.

« The acyl group is transferred from the sulfur atom

of CoA to the hydroxyl group of carnitine to form
acyl carnitine.
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Linoleoyl CoA (18: 2; 9,12)
9

Degradation

of unsaturated
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- —

fatty acids

Unsaturated fatty acids
usually contain a cis double
bond at position 9 or 12 - e.
g., linoleic acid (18:2; 9,12).
Degradation occurs via -
oxidation until the C-9-cis
double bond is reached.

Enoyl-CoA is converted by an
iIsomerase from the cis-A3,
cis- A6 isomer into the trans-
A3,CiS-A6 isomer.

Degradation continue until a
shortened trans-A2, cis-A4
derivative occurs in the next
cycle.

This is reduced in an NADPH-
dependent way to the trans-
A3 compound.

After rearrangement by enoyl-
CoA isomerase, degradation
can finally be completed via

normal 3-oxidation. 21




Degradation of odd-numbered
fatty acids

L =] Propionyl-CoA carboxylase
8‘{'{; ggirgsbered ) 6. 41 3 [¥)|otm]
| Methylmalonyl-CoA mutase
H O B-Oxidation . 5.4, Qg 2 [cobg’mlde]
|
H—C—C Eq
I Lm L Tricarboxylic acid cycle
I =650
n Acetyl CoA + T
1 1 0
H—clz—cl:—c—sj 3 H— c—c—c—q —.—> F—c—c—c—
H H = H Coo® H CO0P
Propionyl CoA co, Methylmalonyl CoA Succinyl CoA

« Fatty acids with an odd number of C atoms are broken down
by B—oxidation.
* Inthe last step, propionyl CoA arises instead of acetyl CoA.

* This is first carboxylated by propionyl CoA carboxylase into
(S)-methylmalonyl CoA, which — after isomerization into the
(R) enantiomer (not shown) — is isomerized into succinyl|
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Acetyl-CoA Metabolism
Activated acetic aci(&\ ﬁ, )\/ soprene

HyC —C—{s—]
A

Acetyl-CoA @ —
Activated fatty acid @ Active isoprene
i
C—s

= )\/\0

Acyl-CoA a
// \\ Isopentenyl diphosphate
Fats = Phospholipids = Glycolipids Isoprenoids
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CHE _%_Cﬁg
O
Acetone
/O
CH;—C—CH.,—C
L
Acetoacetate
OH
| Y
CH3—C—CH2—C\
u o

D-B-Hydroxybutyrate

Ketone Bodies

The ketone bodies are
formed in the liver:

— acetone,

— acetoacetate,

— D-B-hydroxybutyrate.
The latter two — fuel
molecules in extrahepatic
tissues:

— oxidation to acetyl-CoA,

— entry into the TCA.
Overproduction of ketone
bodies (uncontrolled
diabetes, severely reduced

calorie intake) can lead to
acidosis or ketosis.

(C), 2016
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etone Bodies

F:y acid
Liver B—oxidation
Acetyl CoA F ate
Acetoacetate * KetO ne
v bodies are
Rl Ketone bodies conve rsed
back to

etyl-CoA

 J
Acetoacetate

SN cycle In

B—Hydroxybutyrate CO, + H,0

tissues.

Muscle
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Ketone bodies in the organs:
overview

BLOOD

PERIPHERAL TISSUES
(for example, MUSCLE)

FATTY ACID 2 Acetyl CoA
XER CATABOLISM GLYCOLYSIS
\\_'1 N\ v '\/ £ Acetoacetyl
2 Acetyl CoA Succinate CoA
CoA  Acetyl CoA CoA TCA CYCLE
Thiophorase
- 3-Hydroxy-3-methylglutaryl CoA Acetoacetyl CoA
> Acetyl CoA Succmyl CoA
Acetoacetate l/ Acetoacetate ) Acetoacetate
g NADH + H* NADH + H*
+
v NAD o Acetone NAD"
3-Hydroxybutyrate E— ' 3 3-Hydroxybutyrate > 3-Hydroxybutyrate

Lippincott, 2011
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The structure of the lecture course

Introduction to
biochemistry. Importance
of biochemistry for the
doctor. Protein
chemistry.

Enzymology "")
Biologic oxidation \ SR
\ 9 - [ Proteins and Nucleic

Acids
T ——— _
lipids 1. Classification. -

Organs and Systems
Digestion and absorption. g ¥
Membrane structure and
functions.

Biochemistry of
lipids 2. Lipoprotein
metabolism. Tissue lipid
metabolism: b-oxidation
of fatty acids.

Biochemistry of
lipids 3. Tissue lipid
metabolism: lipid
biosynthesis.

Biochemistry of
lipids 4. Lipid
metabolism regulation.
Pathology of the lipid
metabolism.
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Contents

1. Biosynthesis of saturated fatty acids.

% Role of acyl carrier protein protein (ACP), pantothen,
biotin, NADPH + H* and enzymes.

& Sources of Acetyl-CoA for biosynthesis of fatty acids
(FA).

% Regulation of FA biosynthesis.

2. Biosynthesis of triglycerides (TG) and
phospholipids.

3. Biosynthesis of cholesterol, its regulation,
biological role of cholesterol.
% Pool of cholesterol in the cell, its regulation.
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@ Substrate entry @ Water cleavage

@ Chain elongation @ Reduction Fatty ACId Synth ase
() Reduction (7) Product release i
(Palmitoyl synthase)

raimiate o Multifunctional enzyme.

— Located in the cytoplasm

— requires acetyl CoA as a
starter molecule.

* The acetyl residue is
elongated by one C,
unit at a time for seven
cycles.

o~ + NADPH+H*is a

. reducing agent in the
process.

* The end product is C,4

Aosyl =] acid, palmitic acid.
Malnn)rl
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0
I
CHs— C ~ SCoA

Acetyl CoA
GO
e ATP
Biotin
acetyl CoA ADP + P.
|

carboxylase

Acetyl CoA
carboxylase

» Covalent
binding of CO,
to acetyl-CoA.

 Coenzyme
biotin (vit H).

--------

* Biotin can form
W n bond with avidin
"0 =C=CH,—C ~SCoA (egg protein).

--------

Malonyl CoA
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Acetyl-CoA carboxylase
mechanism

0 0}
c}l;—c(o ‘c—cn,-cf
i’ @ S-CoA o’ S-CoA
T ATP ADP + P, - \N_<° Acetyl.CoA Malonyl.CoA
+ HCO: \/ > 0 \ > +
blotin transcarboxylase
S carboxylase S 0
¢
Biotin HN” “NH
arm
0= 0=C
“NH “NH S
Lys
side arm
OwC
“NH
0
CHs—c‘f
S-CoA
Acetyl-CoA
0,
)c—cu,—c(
Nel S-CoA

12/ Malonyl-CoA 35




Acalyl-CoA
Cz
HS—Fm—CD—qu
HS—qu—é:)—Fm—ﬂ-l

Fatty acld eyrihage
multierzyme complex

Il
Pon—SruG— CH,—C00™ o4

Acyl{acetylymaknyl enzy [ ]
BHETOROYL
e EYNTHASE @

MADPH +H*

HADF*

l:l CI:IH
—S-"UD CHy —GH —GH,
-HHNNI? Byl en

MADPH
GEMERATCRS

Pentoes phospheats

parny l m ® .
Isociirata
detydroganssa

Mallc
BNEymE

—smc CH=CH—CH,
2,2-Uneaturated acyl erzyme
HADFH +H*

®
NaDF*
H,0 i
. J @ ,
. o
After cycing FumLgh - Il
( seps (F)-(E) seven tmes Fm—f;f:n; ::z—cm—cua 5]

Palmitata

KEY: @ @ Irndhvidu airnmc-mamormam gyTithazs

Biosynthesis of
long-chain fatty
acids

Malonyl residue
causes the acyl
chain to grow by
two carbon atoms.
— Cys, cysteine
residue;
— Pan, 4'-
phosphopantetheine
Initially a C,, unit
derived from acetyl-
CoA and
subsequently the C,
unit formed in
reaction 5.
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Reactions of Fatty

Acids Biosynthesis-I =

1Al Napp @

P

A
|

—&) NADP:+H®

-<: 3-Oxoacyl-

1 | [ACP]-5-Acetyl-
transferase 2.3.1.38

2 | [ACF]-5-Malonyl-
transferase 2.3.1.39

3-Oxoacyl-[ACP]
3 synthase 2.3.1.41

4 | 3-Oxoacyl-[ACF]
reductase 1.1.1.100

"5 | 3-Hydroxypalmitoyl-[ACP]
— 1 dehydratase 4.2.1.61

& | Enoyl-[ACP]

reductase (NADPH) 1.3.1.10

Acyl-[ACP]

hydrolase 3.1.2.14 <ﬁ4> |
| Acetyl or Mal

Starting reaction Acetyl acyl ?esidue alanyl q
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Reactions of Fatty
Acids Biosynthesis-Il| | ;

( .—»Palmltate
T H20 Product
1 | [ACP]-5-Acetyl- release
transferase 2.3.1.38 |(|) Fll Pli l|4
an—S}—C—(lj—(I:—(l;—H %Acyl-
[ACP]-S-Malonyl- Cys—S
2 transferase 2.3.1.39 ?ﬁ it W n
; L-P NADP @
6
3 | 3-Oxoacyl-[ACP] N [A ®
synthase 2.3.1.41 L—l>» NADP+H
W
3-Oxoacyl-[ACP] e P
4 | Feductase 1.1.1.100 ¢~ —=C—0mH < trans-Enoyl-

/—'"Hzo

S

5 | 3-Hydroxypalmitoyl-[ACP]
dehydratase 4.2.1.61 5

6 | Enoyl-[ACP]
reductase (NADPH) 1.3.1.10

| S
h‘j— C—C—C—C—H S-HI)_(droxy-
7| Acyl-[ACP] . il Il i cy

1 hydrolase 3.1.2.14
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The provision of Acetyl-CoA and NADPH for Lipogenesis

Glucose Palmitate

Glucose &-phosphate

BRE N’”‘DP*‘\ » NADP*
Fructose B-phosphate -
NADPV .
NADPH + H
A Malic |™ +H"
- enzyme %
MALATE
Gg{ “‘;ifsliﬁ:{ge DEHYDROGENASE w Malonyl-CoA
MNAD* Malate \\-r- CO.
GLYCERALDEHYDE-| |/~ ate | [TacervL:
3-PHOSPHATE Coll
DEHYDROGEMASE CARBOXY-
\" MADH + H* Oxaloacetate {}02‘/‘ LASE
Pyruvate
/—)- Acetyl-CoA—/
CYTOSOL ATP- CoA
CITRATE | | CoA ATP Acetate
LYASE ATP
Citrate H* Citrate = |sccitrate
4 4 ISOCITRATE |}
] Outside DEHYDROGENASE
7] B INNER MITOCHONDRIAL MEMBRANE T
U ¥ PYRUVATE U'”ﬁ“a U )
y DEHYDROGEMNASE
Malat:
Pyruvate - AcetylCoA | T &=
MITOCHONDRION
Y, w-Ketoglutarate
NADH + H Oxaloacetate > Citrate
Citric acid cycle
NAD™
e = Malate - a-Ketoglutarate - ) ')
| 39
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Palmytoyl synthase complex
Inhibitors

OH O
\ X 23
o OH
[ | . @ (@) NH
HO O, R Cerulenin 2
; OH
e
OH /|
O
OH
OH Cl
l
O { ’
S i ./ Orlistat (EHO
| (KR \NH
cl Z~a Bl
Triclosan L ER 0
’1—C11H23 "'C6H13
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o] o]

I Il
R—°CH,—°C "vS—CoA + '<l:H2—'cm S —CoA
COOH

- wee o ElOngase System

3-KETOACYL-CoA
SYNTHASE CoA—SH+ CO,

2.3 * Microsomal elongase

R—CH,—C —"CH,—C " S—CoA

. system for fatty acid

NADPH + H*

R chain elongation.

NADP*

wotiodns e« NADH is also used by

3-Hydroxyacyl-CoA

} the reductases, but

3-HYDROXYACYL-CoA
DEHYDRASE

NADPH is preferred.

R—CH,—*CH="CH—*C " S —CoA

2-trans-EnoylCoA
NADPH +H*
2-trans-ENOYL-CoA
REDUCTASE
NADP*
i
R—*CH,—*CH;—*CH,—*C S — CoA Koval A. (C), 2016 41
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VAVAVANNAVAVAVAN Some

16 9 COOH

Palmitoleic acid (7, 16:1, A?) Po Iyu nsatu ratEd
TAVAYAVASSAVAVAVAN Fatty Acids

18 9 COOH
Oleic acid (©9, 18:1, A%)

Stearoyl— CoA

P o — COOH
NNV VNV

0, + NADH + H*

*Linoleic acid (06, 18:2, A*'?) =
A” DESATURASE | | Cyt by
18/\ / N/ \ g/\/\/\/\GDDH D% 20
*o-Linolenic acid (03, 18:3, A%*1%1%)
Oleoyl— CoA

: J4 1 8 N COOH
VAYAYER AR ARVARVAY,

*Arachidonic acid (®6, 20:4, A5%1114)
VAANEYANEYANYANVAVAN
20 17 14 1 8 5 Coo

Eicosapentaenoic acid (03, 20:5, A%%111417)
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Polyunsaturated Fatty Acids
Biosynthesis

®9 Oleic acid —2 > 18:2 1 5 20:2 -3 5. 208 ' » 22:3 %, 204
Family 181 y
w ! Accumulates in essential
1 1 / fatty acid deficiency
24:1 «— 22:1 <— 20:1 ) @
!
6 . . ! 2 - 1 o 8 s ., 4 ,
® Linoleic acid —— 18:3 —» 20:3 —» 204 —» 22:4 —» 225
Family 18:2 4

1 !
23)':2 ;’f @

!

03 L a2 1 3 1 4
Family | ng;!jemc_, 18:4 20:4 |—> 20:5 22:5 22:6
18:3
* Biosynthesis of the ®9, ©6, and »3 families of polyunsaturated fatty
acids.

« Each step is catalyzed by the microsomal chain elongation or
desaturase system: 1, elongase; 2, A6 desaturase; 3, A5
desaturase; 4, A4 desaturase. (©, Inhibition.)
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o

AN AN anversmn of
“”j Linoleate to

il Arachidonate
INVTVTVTWA L

0

2Hz0 + NAD*

yLinolenoyl-CoA (A%*'2.octadecatrienoyl-CoA)

\1 « Cats cannot carry out

Cz
(Malonyl-CoA,
NADPH)

MICROSOMAL CHAIN

e this conversion owing
to absence of A6
I desaturase and must

N— obtain arachidonate
Seasnse INn their diet.

VYA Van VamVaVaVa

2H,0 + NAD*
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Biosynthesis of
riacylglycerol and
Phospholipids

1.Monoacylglycerol
pathway;

2.Glycerol phosphate
pathway.

—Phosphatidylethanol
-amine may be
formed from
ethanolamine by a

— pathway similar to

- #eemme  that shown for the

“ formation of

w g, phosphatidylcholine

Fewwe from choline.
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Synthesis of Phospholipids

1]

T I
Ry, =C=0=CH
I
CH,OH
CDP-Ethanolamine Diacylglycerol CDP-Choline
CMP CMP
0 0
1 I o 1 " o
0 CH,=0O=C~- 0 CH,—Q=-C-
T 1 , 3 SAM ol . sEaaae _
R,=C=0=CH o ___Ehanolamine R,=C=0=CH o) Choline i CH; !
N T S 41 T et X ;
3CH,-0 - P-rc:: CHy— CHEﬁHB: 3CHy,—0 = F-—D CHp= CHy—N~— CHj:
A S . S Sy ... I -
o‘ o‘ ::::H3 5
Phosphatidylethanolamine Phosphatidycholine
Serine CO,
Ethanolamine
"
0 1CH2—D—C-H1 Serine
" 5l semeneaaan. e
HE—C—D—?H ﬁ : r;aH3 :
CHE-D-F‘-!-D CH,—CH-— cc:c:::
- .. S —
o

Phosphatidylserine
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Biosynthesis of cardiolipin

CDP-Diacyl- sn-Glycerol
glycerol 3-phosphate

CMP
Phosphatidylglycerol phosphate

H.O
H2C H CH2
| |
P o i
“0-P=0 “0-P=0 Phosphatidylghycerol
I I \
7
I
ﬁi ?HE ?Hg Icl}
-C-0- HC-0O-C-R
R-C-0 (iJH | 3 CMP
Re=H-0-CHa Hzo_o—ﬁ’_m Cardiolipin
O O (diphosphatidylglycerol)
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Synthesis of Cardiolipin and
Phosphatidylinositol

Phosphatidic acid

™

CDP-Diacylglycerol
Phosphatidylglycerol

Inositol
Cardiclipin Phosphatidylinositel (Pl)
i ¢ i
o lEHE—{'.‘I'—C—»Ft1 ?HE—D—E—D—?HE ‘ﬁ o ‘I:EHE—*.C.‘II—I:}—F{1
1 1
R;=C-0-C-H O H-C—OH O O H-C-0-C-R, ng—c—o—“nl:H 0
CH;=0=P——0——CH,  Ry=C-0-Ch, 3DH2-O—FI’—rD H
o | o
|
Phosphatidylglyceral
J
|
Diphosphatidylglycerol (cardiclipin) i i
kinase

Phosphatidylinositol
bisphosphate (PIP;)
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o} *NH,

CHE_(?::}.:{:;%E_CM “ooc _i:;:HE_DH Ce re b rOS I d e
Biosynthesis

Pyridoxal phosphate, Mn™*

SERINE
PALMITOY LTRAMSFERASE

CO,

CoA —5H

[
CHy— (CHy);— CHa— CHy — G — CH — CHy— OH
I

NHg"
3-Ketosphinganine A Ceramide » Sphingomyelin
NADPH + H* / \
3-KETOSPHINGANINE ] . )
REDUCTASE Phosphatidylcholine Diacylglycerol
NADP*

CHy(CHy)y3— CHy, — CHz— CH — CH— CH, — OH

OH  NHZ"
Dihy drosphingosine (sphinganine) UDPGal UDP PAPS  gulfogalactosyl-
A—CO—S—Coh E ;_I‘ Galactosylceramide E ceramide
Acyl-CoA oivoroseamaosme]l B Ceramide (cerebroside) (sulfatide)
N-ACYLTRAMSFERASE

CoA —SH
CHy—(CHg)ya— CH;— CH;— CH—CH— CH,— OH
|
OH MNH—CO—R
Dihydroceramide

DIHYDROCERAMIDE
2H DESATURASE

CHy— (CHy),3— CH=CH — CH— CH — CH,— OH

OH MNH—CO—R
Ceramide
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Synthesis of Sphingolipids from

Ceramlde

,* S
Caramlda D-F-DCHE—CHE N‘\-thZHB
|

Phosph atldyrlchn“}(" o CHs
Sphingomyelin

 CH,OH
-F ------
H=-C NH _
| | [Ceramide}- Gal-3-s0;
H=C-0QH C =0
| UDF'—GaI actose / Sulfatide
CH {CHg]lr, > Caramlda Gal

1

CH Galactocerebroside

| Glc—Gal
(CH3) 12

I UDP-Glucose Globoside
CH,

Ceramide

Glucocerebroside
UDP—sugars

kcm P—NANA

[Ceramide |- Glc—Gal— GalNac
|
NANA

Ganglioside
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Biosynthesis of Cholesterol

 Cholesterol is a major constituent of the cell
membranes of animal cells.

— full daily cholesterol requirement (ca. 1 g) can be
synthesized itself$

— with a mixed diet, only about half of the cholesterol is
derived from endogenous biosynthesis, which takes place
In the intestine and skin, and mainly in the liver (about
50%).

— The rest is taken up from food.

* Most of the cholesterol is incorporated into the lipid
layer of plasma membranes, or converted into bile
acids.

— A very small amount of cholesterol is used for
biosynthesis of the steroid hormones.

— In addition, up to 1 g cholesterol per day is released into
the bile and thus excreted.

12/1/2016 Koval A. (C), 2016 51




Cholesterol Biosynthesis-|

A’CEt}rl CoA _@. Mevalonate ISIII[J«EI'IIEI"M ﬂlphDSpl‘!EllE _®_.' SQUEEEHE Cholesterol

0
[
AcetylCoA ~ He—C—E=] %
v

E'DDE—[:HE—!IZ—EHE—EHEDH Mevalonate

3-Hydroxy- il
3-methyl-
glutaryl CoA ¢ 4500 ﬁ_’
CH5 0
Sooc—CH;— tI:—t:H2 lcl— 2
2iLi) .

(W HMG-CoA o Mevalonyl
@ reductase _®_EHUJEEJEE1T|E dlphﬂspgate
111,34 Lesn

| Key enzyme |
COz+ (3) +
CH:]

Formation of

Formation of i isopentenyl
S00C—CH;— C—CH2—CHZ0H fﬂ% : P y
mevalonate L e 0B | diphosphate
Mevalonate Isopentenyl diphosphate

@ @ )2




Cholesterol Biosynthesis-l|

®®

=

Dimethylallyl -
dipho spyh atg Isopentenyl diphosphate

/I‘\m/\o @ "'_"A\/\i

Squalene

0y
Two steps
H,0 +
Geranyl

diphosphate

X =~ "o0-@6 Lanosterol
Farnesyl
diphosphate n

JVM/\D_

Formation of NADPH: | @ v

squalene

NADP @ Formation
of cholesterol

= - o -
1 7= = = fiis Cholesterol >3 I

Squalene




Cholesterol biosynthesis
regulation (3 mechanisms)

A £ P o
¢ o) & 8]
- b . 4 ¢
(J 2 h @, SREBP (- NH; — Degradation
/> ) U L)

Cholesterol

—
SREBP 2 SRE —» Gene transcription

= s - r DNA-binding
Q &9 DN:‘b'"fj'"g  — b domain
Z 2% omain = 4
6= =98 &2
ER membrane Golgi membrane
B & O Cc
d t,«’ AMP-activated Gl
g = protein kinase kinase ucagon
HMG-CoA Proteolysis, Sterols
: feduclase( . o degradation ATP/ \ADP lo
- \"i’
¢ Q  Sterols AMP-activated o [ AMP-activated
&S b protein kinase | AMP — | protein kinase -p
:; 5‘: (inactive) (active)
2 62 ATP/ \:ADP
ER membrane HMG-CoA
reductase reductase P
(active) (inactive)
Insulin
P
! Phosphatase ‘/o
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Conclusion
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Lipid metabolism regulation.
Pathology of the lipid metabolism
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| ADIPOSE TISSUE |  Glucose 6-phosphate

Glycaolysis
CQoz=—PPP Yooy
+ Acetyl-CoA

" | ACTH, TSH,
NADFH +H
cop glu_cagon.,
Acyl-CoA Glycerol eplnephrlne,
3-phosphate norepinephrine,

vasopressin
ATP :f—l
|

SYMNTHETASE HORMOME-

ann Metabolism In
Adipose Tissue

Activators

SENSITIVE .
LIPASE Insulin,

FFA —/ - FFA Glycerol nicotinic acid
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Lipoysis ) prostaglandin E1,
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Hormonal Regulation
of Lipolysis in Adipocytes

Epinephrine, ACTH, ; Insulin, prostaglandin E;,
nt}repmephrme \ TSH, + nicotinic acid
* glucagon 4
L1 1 &
A 1 ’
I 4" 1 ’
B-Adrenergic = & *, I i
blockers -3 : o ATP
..-é-_}‘r\@ : Je ’a'“*'"*"' _______________ e
- v
Thyroid hormone - A 1 4 ;! :
Y ¥ 5 — 1
e K Hormone-sensitive T :
ADENYLYL = _- lipase b nsulin
GTP| ‘cvciase [ FRA~E (inactive) | !
ATP I !
®. [) o Pi 1@ !
- . I
Growth hormane = '}@ . " @ cAMP- ¥ :
Inhibitors of =~ ol : ! cAMP —— deggt;nl Mg+ huup:ztease :
protein synthesis ,," Adenosine kinase x i :
¢ I
! 1
s TRIACYL- '
e - GLYCEROL
(eg, caffeing) = - ~2 - PHOSPHODI- Hunm?ne-senﬁmve /- &) ,l
o ESTERASE lipase a SEP, JT.
(active) N Y
1 . A .4 FFA +
- "é) @ ‘pxt’*? E‘B @ Diacylglycerol
Thyroid hormone : .:‘\‘-Qf" Bt e ABnaTive /-
! 5" AMP » % lipase \
Insulin ke S : FFA +
A& Insulin
\v{.‘? . 2-Monoacylglycerol
Pt e, 2-Menoacylglycerol /—
Fl 5 I-
# " Inhibitors of i N
Glucocorticoids protein synthesis FFA + glycerol
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Randle Cycle

$ Glucose » | Ins / Contrins > Proteins
TG
------------ activators : J
- - - Fatty Acids
! \ 4
|
|
GNG k v Glycerol |
substrates Amino acids

« Randle cycle (lipid-carbohydrate cycle) is
the mechanism of blood glucose level
regulation during starvation.
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il \Integration of Ketone
R Bodies, Free Fatty
spoee H—J Acids and Glucose

TRIACYLGLYCEROL (TG)

Metabolism

i ey « Metabolic

BN G \1 B l interrelationships

s i e | ogars between adipose tissue,
the liver, and

Glyoarol

BLOOD
Ty i e extrahepatic tissues.
/FF(M_F;A i Sk * In extrahepatic tissues
______ /< \ such as heart, metabolic
fuels are oxidized in the
\Glucose Glucoss 1
B~ following order of
dn s, preference:
s G — ketone bodies,
P } — fatty acids,
Ketone bodies FFA TG s Glucose _ g I ucose.
Glyc:rola-phomm . . .
* LPL, lipoprotein lipase;
e N « FFA, free fatty acids;
@/< ) « VLDL, very low density
g S lipoproteins
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Regulation of Carbohydrate and Lipid Metabolism in

Catecholamlnes

Liver

Glucagon insulin
Glucose
® \
cAMP ATP
Glucose ATP

GK® " a2+ UTP PP, —> 2P,
hi

NADPH (hl ) UOP Glucose Liver Blood
G- < @msuun

Ribulose=5-P I
fe P @cAMP

ATP @Fa sp oF26P Glycogen
PFK\@ AMP AMP Phosa

IDL
| |
F1.6P cAMP th Ph@ ! @ nsulin D
- LDL
Glycarol I Lo Jsp VLDL
@ Insulin
Per @,LAMP. B Apoprotein
e P Pnl?:lgzo- Sterold
: Dira 4 hormones
Alaning —s Pyruvate Lactate a3 Cholegtarol B ackis
PEP-CK ’kNADH N CO2 ¢ @Insulin
o ®© NADPH FACoA @gl?:l:fn:rol
o N i pa.m,me HMG-CoA
Malonyl 3 @ NADPH
il 1alé;6 ---- Malonyl CoA
i @msuun
Cirate @
5 FADH, )|| /oAA ® AcC AcC-®
............... ‘L @CAMP
NADH O AA

‘IkNADH ]L Acatyl CoA

Malate Isocitrate

FA @ Induction @ Activation 5
Adipose TG ® Repression @ Inhibition 6
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Pathology of Lipid Metabolism




Disorders of Lipid Digestion and
Absorption

* There are 3 possible causes:

— Hepatic - abnormalities in bile secretion
(obstruction of bile duct).

— Pancreatic - abnormal pancreatic lipase,
phospholipase synthesis or secretion, also
absense of phospholipase.

— Enteric - inability of enterocytes to absorb fatty
acids and monoacylglycerols (colitis, defects in
chylomicron synthesis)

« General syndrome — steatorrhea (fat in
feces).
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Liver Damaging Factors

* |n a subset of
Individuals
hepatic steatosis
promotes an
iInflammatory
Fatty Liver ) Cinhoss response in the

AN & liver, referred to
— #b

Stages of liver damage

~ —

as steatohepatitis,

which can
. e f;fi?!il.?&ilfﬁii’ p.rogress to |
e, cirrhosis and liver
cancer.
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Fatty liver

* Nonalcoholic fatty liver disease (NAFLD) is the most
common form of liver disease in Western countries.

 The accumulation of excess triglyceride in the liver, a
condition known as hepatic steatosis (or fatty liver), is
associated with adverse metabolic consequences including
iInsulin resistance and dyslipidemia.

» Factors promoting deposition of fat in the liver:

- ObeSity, Fatty Liver Treatment Focus Points

_ d |ab etes ’ Lose weight Avoid carbonated drinks
Execrise regurarly Avoid eating fried and high fat food

- | nsu | | nres | stance , Eat healthy food Consider nutritional supplements

— alcohol ingeStion. Fatty Liver Healthy Liver

http://www.fatty-liver.com/treatment/
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Hepatoprotectors
S cetaiiehyde T

\\
\\
-~

Ethanol

Glucose
Phospholipids

Acetyl -CoA (lecithin)

Choline
Glycerol s T
‘\ \ SAM —
\ DAG y
\ TAG
\
\ | / Essential | | Methionine
N - PUFAS
& /
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Multiple Hit Theory

Normal Liver Hit 1: ? Insulin resistance, endotoxins, ...
- Fat accumulation
[ Fatty Liver Hit 2: ? Oxidative stress, ...
A - Inflammation
[ Steatohepatitis Hit 3: ? Oxidative stress, ...
- Fibrosis

{ Cirrhosis J May loose fat

16 Koval A. (C), 2016




Cytokines in Fatty Liver

1 FFA

Excess calonies o Altered FA metabolism
1 Saturated fat Lisvar
1 Fructose == 52 .::..”-, ----------- =<3 } De novo lipogenesis o

Lack of satiation ~ *

e [ oo f trians.
\4-\ t[iII.IE' Eed .--_ -\._,_T H’EP!“I: - '*"'i..
f - —5 i““:i!i;_ﬁ—\ t FA oxidation “":h =
e PTERTLD —

- l Adlpnnenm ' strass

iy

Hepatocyte injury
repairfailure of repair e Pathway known to
play significant role

EEEY 2 Mewly recognized
pathway of DHNL

¥ Area of new inviestigatiaon

ABC  Inflammatory factor
ABC  Fat

L tiLs  TCRP % SFA:@:F'UF#. T ROS/axidative stress

Insulin resistance
Hepatic and systemic

| Steatohepatitis |

Fibrosis

Tiniakos DG, et al. 2010,
Annu, Rev, Pathol. Mech. Dis. 5:145-71
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PPARSs in Fatty Liver

Excess Energy
(Glucose / Fatty Acids)

Increased
Triglyceride
/V Synthesis
Increased Effective Decreased Hepatic Steatosis
Fatty Acid Oxidation Fatty Acid Oxidation / ’
v

PPARy Export

Microsomal Microsomal PPARYy
 -oxidation w-oxidation /
-v .
Adipogenesis
Mitochondrial - : Dicarboxylic
T i i Mitochondrial 5 v
B-oxidation | Durcrit:;;xyllc B -oxidation [¢ TH—Acids Increased fat
storage
Peroxisomal / : A)?/
o Peroxisomal v
B-oxidation B-oxidation \ ‘ Adiposity
v v Trr—
i Unoxidized PoIOXICH
Energy Combustion Fatty Acids / — | Steatohepatitis
Fatty Acyl-CoAs
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New Data About Fatty Liver

Diet
imbalance

12/1/2016

S
—— —

V¥ PPAR activati{l/l)
— - >
Downregulation :
[ |
FA-oxidation genes |~ J - -
IFABPgme [~ =4 P

—>

T ApoB-100 degradation [~ =~ .

T T

e ——

N Expression and/or
processing of SREBP-1
D DNA binding of

_ NEY and $pl
1

-

Upregulation

Lipogenic genes

Mitochondrial

peroxisomal
B-oxidation

-

export

N Faity acid
and
triacylglycerol
synthesis

http://www.clinsci.org/cs/106/0635/cs1060635f03.htm
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A SREBP Processing R O I e Of

Classic Alternative
i PC steered SREBP-1 processing

Cholesterol-based SREBP-2 processing
Low ER Cholesterol Low Golgi Phosphatidylcholine ] S R E B P 4
Retrograde
Golgi to ER -
transport

Forward
ER to Golgi

Cholesterol

Lipid
biosynthetic

biosynthetic
genes genes
Nucleus AP (R
B Phosphatidylcholine Synthesis
Choline-independent
CDP-Ethanolamine Lipid synthesis
One-carbon metabolism Acetyl-CoA
SA
THF Methnorune——SAM Phosphatidylethanolamine i %
('Z‘;’SL ( Methylation cycle pEpT LiPid methylation DAG TG
5-methylTHF Homocysteme«—SAH
Phosphatidylcholine
CDP- Chollne
CT(l
Phosphocholine
Choline
dietary source
Choline-dependent http://mikemutzel.com/2012/02/16}the-role-of-methyl-donor-deficiency-in-lipid-synthesis-srebp-1/
72
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Obesity

Obesity is a disorder of body
weight regulatory systems
characterized by an accumulation of
excess body fat.

— In primitive societies, in which daily life
required a high level of physical activity
and food was only available
< Intermittently, a genetic tendency

favoring storage of excess calories as
fat had a survival value.
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Epidemic of Obesity

* Global problem, not limited to the US.

* The prevalence of obesity increases
with age.
— risk of developing associated diseases:

Insuline resistance, type 2 diabetes,
hypertension, gallbladder disease, and

cardiovascular disease.
* Explosion of childhood obesity, 3-fo|§§A

Increase over the last two decades

« There are more obese than
undernourished individuals worldwig
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Signaling in Obesity

Hypothalamus

* Obesity results when energy intake
exceeds energy expenditure.

« Mechanism involves a complex
Interaction of biochemical,

Sl signate neurologic, environmental, and
appetite and

Afferent signals

\ energy psychologic factors.
expenditure ]
ingulin — Afferent neural signals,
Leptin \ﬁ circulating hormones, and
N N\ metabolites affects the
= & hypothalamus.
%‘;‘é’ﬁée L § .
Sox_/ / “sTomAcH — release of hypothalamic

INTESTINE peptides,
No,epmpmne — activate efferent neural signals.

PERIPHERAL NERVOUS SYSTEM

rotonin,
dopamine, === CNS
many others
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Body Weight Hormonal Regulation

* Leptin. Studies of the molecular genetics of mouse obesity
have led to the isolation of at least six genes associated
with obesity.

— The most well-known mouse gene, named ob (for obesity), leads to
severe hereditary obesity in mice.

« Ghrelin, a peptide secreted primarily by the stomach, is
the only known appetite-stimulating hormone.

— Injection of ghrelin increases short-term food intake in rodents, and
may decrease energy expenditure and fat catabolism.

« Peptides, such as cholecystokinin, released from the gut
following ingestion of a meal can act as satiety signals to
the brain.

* Insulin not only influences
metabolism, but also promotes
decreased energy intake.

knee-deepincortisol.blogspot.com

Obese mouse, unable to produce leptin,
and normal mouse
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Control of energy
«~s [OMeostasis

2 sets of neurons in the arcuate
nucleus — Agrp/Npy and
Pomc/Cart.

Neuropeptides that stimulate food
intake and decrease energy
expenditure:

— Agrp (agouti-related protein)

—  Npy (neuropeptide Y).
Neuropeptides that inhibit food
intake and increase energy

expenditure:

— alpha-melanocyte stimulating
hormone (a derivative of
proopiomelanocortin, Pomc)

—  Cart (cocaine- and amphetamine-
regulated transcript).

Insulin and leptin inhibit
Agrp/Npy neurons and stimulate
adjacent Pomc/Cart neurons.

Ghrelin can activate Agrp/Npy

neurons, stimulates food intake.

—  Ghsr, growth hormone secretagogue
Adipose | receptor;

http://xulab.ucsf.edu/research.html e \)\()—) —  Lepr, leptin receptor;
Barsh and Schwartz, 2002 —  Mc3r/Mc4r, melanocortin 3/4 receptor;
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Obesity Treatment

« Weight reduction: negative energy balance to
reduce body weight: by decreasing caloric intake
and/or increasing energy expenditure.

 All diets that lead to short-term weight loss.

— Long-term maintenance of weight loss is difficult to
achieve.

 Modest reduction in food intake occurs with
pharmacologic treatment.

e Surgical procedures — for severely obese patient
when other treatments were non effective.
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Key Concept Map For ObeS|ty

Assessment ‘of body fat Accumulation of body fat
con$rd0r$ rosults from
A - A 2
M T Y
Amount of Location of = s,
body fat body fat | greaterthan — o el
estimated by
'
[ Body mass index (BMI) J
- =
calculated by
1 1
(weight in kg) influenced by
(height in meters)? l
1 | ; | Y
Genetic factors Chemical factors | Environmental
e Many genes involved * Leptin and behavioral factors
¢ Influence both * Serotonin » Avallability, cost, taste,
food Iintake and * Dopamine variety, and energy-
energy expenditure ¢ Ghrelin density of food
* Cholecystokinin * Portion size
* Norepinephrine * Snacking
¢ Insulin ® Increased use of
T / automobiles,
influence energy-saving
Y X appliances,
Both food intake and televisions,
energy expenditure ! and computers
yE * | e Psychological or
°*¢ | |Abdomen] | Hips | emotional response
. . : [ to food
associated with  associated with !
. t [ Figherthan |[Nearly normai
Higher :han norimal normal risk risk of
risk of mortality of mortali mortality and .. . , .
and morbidity and morbld'iyty morbiYﬁty Lippincott’s lllustrated Reviews: Biochemistry, 4™ ed., 2007
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Genetic Basis of Familial
Hypercholesterolemia

 FH is an inherited disorder comprising four different
classes of mutation in the LDL receptor gene.

— The class 1 defect (the most common) results in a
complete loss of receptor synthesis.

— The class 2 defect results in the synthesis of a receptor
protein that is not properly processed in the Golgi
apparatus and therefore is not transported to the plasma
membrane.

— The class 3 defect results in an LDL receptor that is
Incapable of binding LDLSs.

— The class 4 defect results in receptors that bind LDLs but
do not cluster in coated pits and are, therefore, not
Internalized.

12/1/2016 Koval A. (C), 2016 80




Hyperlipoproteinemias

Disorder

Defect

Comments

Type | (familial LPL
deficiency, familial
hyperchylomicronemia)

(a) deficiency of LPL;
(b) production of
abnormal LPL;

(c) apoC-Il deficiency

slow chylomicron clearance,
reduced LDL and HDL levels;
treated by low fat/complex
carbohydrate diet; no
increased risk of coronary
artery disease

Type 1l (familial
hypercholesterolemia,

FH)

4 classes of LDL
receptor defect

reduced LDL clearance leads
to hypercholesterolemia,
resulting in athersclerosis and
coronary artery disease

Type Il (familial
dysbetalipoproteinemia

, remnant removal
disease, broad beta
disease, apolipoprotein
E deficiency)

hepatic remnant
clearance impaired due
to apoE abnormality;
patients only express
the apoE, isoform that
interacts poorly with the
apoE receptor

causes xanthomas,
hypercholesterolemia and
athersclerosis in peripheral
and coronary arteries due to
elevated levels of
chylomicrons and VLDLs



http://www3.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=238600
http://www3.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=143890
http://www3.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=107741

Phenotypic classification of
dyslipidemia (by Fredrickson)

DysI;pldeemla Increased electrophoretic | Increased Increased
yp fraction (lipoproteins) cholesterol | triglyceride
(Fredrickson)
I chylomicrons yes yes
lla beta (LDL) yes no
b pre-beta & beta (VLDL & os os
LDL) y y
1] '‘broad beta' band (IDL) yes yes
AV pre-beta (VLDL) no yes
Vv pre-beta (VLDL) plus . .
chylomicrons y y
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Atherogenesis

endolhelxal
cell destruction

d-nge to
un

exposure of matrix
to platelets and mural
thrombus formation

active macrophages expression of
sectrete metalloproteinase adhesion molecules
enzymes weakening mono(yte attachment

plague cap

é{-_—_’;*&?}}}, LoL m|l\c
[ =)
f:::;?&p ];/I‘ ¥ ~ = 3 manacyte

Irensmigraﬁon

LDL entry into intima
LDL oxidation

WS cell necrosis
lipid pool
matnx

¢ rupture of
synthesis

the plaque cap

l

smoath muscle
cells: migration and
replication

oxidized LDL

scavenger
receptor monocyte activation
transformation into macrophage
& macrophage immobilization

cytokines secreted by (
endothelium and
macrophages stimulate
smooth muscle cells
m— sequence of events oxidized LOL taken
we regulatory mechanisms up by macrophages

© Elsevier Ltd. Baynes & Dominiczak: Medical Biochemistry 2E www.studentconsult.com

cyte chemoattractant protein 1, VCAM-1: vascular cell adhesion
AM-1: intracellular cell adhesion molecule 1, TNFS: tumor

r beta, TNFa: tumor necrosis factor alpha, IFNy: interferon

nitric oxide, PDGF: platelet-derived growth factor, bFGF: basic
wth factor, IGF-1: insulin-like growth factor 1, EGF: epidermal

, TGFB: transforming growth factor beta, IL-1: interleukin 1.
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Atherogenesis:
Process & Stages

Atherogenesis is driven by signals
mediated by cytokines and growth
factors generated by all the major types
of cells participating in the process:
endothelial cells, macrophages, T
lymphocytes and vascular smooth
muscle cells (VSMC).

Multiple activation paths:

» the expression of MCP-1 and VCAM-
1 may be stimulated by signals
generated macrophages as well as
by the oxidized LDL.

 VSMC may be stimulated by the
dysfunctional endothelial cells, by
macrophages, and by T lymphocytes
(also the autocrine activation).

Note that a hormone, angiotensin I
also participates in these processes.
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Plague Formation: Artery Blocked

12/1/2016

Koval A. (C), 2016




Normal Artery and Fatty Streak Stage

(@) Normal artery wall (b) Fatty streak stage

White blood cells  Rolling white

adhere and migrate blood cell ~ Blood flow
into artery wall to through lumen
fight infection

Adventitia Media Macrophage foam
(smooth muscle cells) cell formation

Molecular Cell Biology Lodish 5Th Ed
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gue Stage and Rupture of Endothelium With
Blood Clot Formation

(c) Atheroslerotic plaque stage (d) Rupture of endothelium and
occlusive blood clot formation

Fibrous cap
formation

Macrophage foam Formation of Occlusive blood clot
umulation necrotic core

Molecular Cell Biology Lodish 5Th Ed
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Lipid Peroxidation Is Source Of
Free Radicals

« Peroxidation (auto-oxidation) of lipids is
responsible for deterioration of foods (rancidity);
for damage to tissues in vivo, where it may be a
cause of cancer, inflammatory diseases,
atherosclerosis, and aging.

« The deleterious effects are considered to be
caused by free radicals (ROQe-, ROe, OHe)
produced during peroxide formation from fatty
acids containing methylene-interrupted double
bonds, ie, those found in the naturally occurring
polyunsaturated fatty acids.
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Ipid Peroxidation Is a Chain
Reaction: Initiation

Lipid peroxidation is a chain reaction providing a
continuous supply of free radicals that initiate further
peroxidation. The whole process can be depicted as
follows:

(1) Initiation:
ROOH +Metal™* — ROO® +Metal ™" + H*
X* +RH—R® + XH
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Lipid Peroxidation:
ropagation and Termination
opagation: R® + 0, — ROO*

ROO® +RH — ROOH+R®, etc
mination: pOO* +ROO® — ROOR+ O,

ROO® +R* — ROOR
R* +R* —RR
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Lipid Peroxidation

RH Re ROQe
H O—0e
/ \/ >< \ub/ \ / >/ \| — \/ :/ \4»/ \/ :/ \
RH
O O ?— H OOH
. AV4
HM < /N VN £~ N NF g
Malondialdehyde Endoperoxide Hydroperoxide
ROOH

roxidation. The reaction is initiated by an existing free radical (Xe), by light,
etal ions. Malondialdehyde is only formed by fatty acids with three or more
bonds and is used as a measure of lipid peroxidation together with ethane

terminal two carbons of w3 fatty acids and pentane from the terminal five

of w6 fatty acids.
ry, Grenner et al. “Harpers lllustrated Biochemistry”, 2004)
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Lipidoses (Lipid Storage Diseases
Examples of Sphigolipidoses

Disease Enzyme Deficiency Lipid Accumulating Clinical Symptoms

Tay-Sachs disease Hexosaminidase A Cer—Glc—Gal(NeuAc)+GalNAc G, , Mental retardation, blindness, muscular weakness
Ganglioside

Fabry disease o-Galactosidase Cer—Glc—Gal—+Gal Skin rash, kidney failure (full symptoms only in males;
Globotriaosylceramide X-linked recessive)

Metachromatic Arylsulfatase A Cer—Gal—-0S0, Mental retardation and psychologic disturbances in

leukodystrophy 3-Sulfogalactosylceramide adults; demyelination

Krabbe disease B-Galactosidase Cer——+Gal Mental retardation; myelin almost absent

Galactosylceramide

Gaucher disease B-Glucosidase Cer——-Glc Enlarged liver and spleen, erosion of long bones,
Glucosylceramide mental retardation in infants

Niemann-Pick Sphingomyelinase Cer——-P—choline Enlarged liver and spleen, mental retardation;

disease Sphingomyelin fatal in early life

Farber disease Ceramidase Acyl—-=-Sphingosine Hoarseness, dermatitis, skeletal deformation,
Ceramide mental retardation; fatal in early life

Abbreviations: Cer, ceramide; Gal, galactose; Glc, glucose; NeuAc, N-acetylneuraminic acid; =, site of deficient enzyme reaction.

Harper's lllustrated Biochemistry, 30" Ed. (2015)
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Lipidoses: Symptoms

Disease Mental Liver | Myelin Specialized symptoms Fatal
retardation | damage | defects

Farber's Damage to joints, granulomas X

Niemann-Pick X X X

Gaucher's X X Bone damage Frequently

Krabbe's X X Globoid bodies in brain

Fabry's Rash, kidney failure

Metachromatic X X Paralysis, dementia

leukodystrophy

Tay-Sachs X Blindness, seizures X

Sandhoff's X Same as Tay-Sachs; X
progresses more rapidly

Generalized X X Bone damage X

gangliosidosis

12/1/2016
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B
Gal-GalNac
B\l BB

Gal-Glc-Cer

1GM;)

NAMA GM,; GANGLIOSIDOSIS
» Accumulation of gangliosides
TAY-SACHS DISEASE (GM,} and keratan sulfate
[-Galactosidase * Meurclogic deterioration
= Accumulation of = Hepatosplenomegaly
gangliosides (GM) Gal = Skeletal deformities
+ Rapid and progressive # Cherry-red macula
neursdegeneration
+ Blindness GalNae
* Cherry-red macula
* Muscular weakness
» Seizures Gal-Gle-Cer r (GM3)
foo B
NANA GalNAc-Gal-Gal-Gle-Cer (Globoside)
[-Hexosaminidase A -Hexosaminidase
A and 8
GAUCHER DISEASE GalMac Gal MAc SANDHOFF'S DISEASE
* Accumulation of gluco- . x;ugrrn“l:’:;?;a:' GM;
carebrosides HANA-Gal-Gle-Cer  F (GM,) Gal-Gal-Gle-Cer
= Most common lysosomal * Sama neuwalogic sympltoms
storage disease - Ta'.raS_at:ha but with
» Hepatosplenomegaly A visceral involvement as
; well
* Osteoporosis of long bones Meararkidas Gal w-Galactosidsse
*= CNS invelvemant in rare
infantile and juvenile forms
Gal-Gle-Cor (Lactosyl Cer) FABRY DISEASE
» Accumulation of globosides
METACHROMATIC » Reddish-purple skin rash
LEUKODYSTROPHY : » Kidnay and heart failure
[-Galactosidase » Burning pain in lower
= Accumulation of sulfatides extremilies
= Cognitive deterioration
+ pemysiination NIEMANM-PICK DISEASE
* Progressive paralysis
+ Dementia in adult form L (A+B)
= Narves stain yellowish-brown with = Accumulation of sphingo-
cresyl violel (metachromasia) myelin
" . = Hepatosplenomegaly
E’Gm&mﬁ iddass) * Heurodegenerative course
Gle (Typa A)
S0H, B-Galaclosidase Gal Chaline-P
S0,H-Gal-Cer 1—L)Gd-ml —I—Aj Ceramide € R:“ Phosphorylcholine=Cer
(Sulfatide) Anylsulfatase A Sphingomyelinase (Sphingomyedin}
KRABBE DISEASE (GLOBOID CELL Ceraminidase FARHEH DISEASE

LEUKODYSTROPHY)

# Accumulation of ceramide

# Painful and progressive
« Accumulation of galactocerebrosides RS joint dsform'?t'y
= Mental and motor deterioration = Subcutanecus nodules of
» Blindness and deafness Sphingosine lipid-laden cells
= Near-total loss of myelin * Hoarse ery

» Globoid bodies (glycolipid-laden
marophages) in white matter of brain

= Tissues show granulomas

Lipidoses:
Sphingolipidoses &
Gangliosidoses

« Degradation of sphingolipids
showing the enzymes
affected in related genetic
diseases, the
sphingolipidoses.

« All of the diseases are
autosomal recessive except
Fabry disease, which is X-
linked, and all can be fatal in
early life.

« Cer = ceramide.
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| NIEMANN-PICK DISEASE

® Sphingomyelinase deficiency

® Enlarged liver and
spleen filled with lipid

e Severe mental retardation
and neurodegeneration

® Death in early childhood
(Type A)

Sphingomyelinase

Ceramide
o — ~
e 0 +
CHQ(CH2)12'CH=CH‘?'—?-CHQ'O |P'OCH2CH2N(CH3)3
OH NH o

e
Ceramidase + Phosphorylcholine

CH4(CHp),=C - :
R i } Fatty acid

12/1/2016

Niemann-
Pick Disease

Niemann-Pick disease (Types A and B) is an
autosomal recessive disease caused by the
inability to degrade sphingomyelin.

Type A:

The deficient enzyme is sphingomyelinase - a type of
phospholipase C. In the severe infantile form (Type A - less
than 1% normal activity), the liver and spleen are the primary
sites of lipid deposits and are, therefore, tremendously
enlarged.

- The lipid consists primarily of the sphingomyelin that cannot
be degraded.

- Infants with this disease experience rapid and progressive
neurodegeneration as a result of deposition of sphingomyelin
in the central nervous system, and they die in early childhood.

Type B:

- A less severe variant (Type B - 5% or more) causes little to
no damage to neural tissue, but lungs, spleen, liver, and bone
marrow are affected, resulting in a chronic form of the
disease, with a life expectancy into adulthood.

Niemann-Pick disease occurs with greater
frequency in the Ashkenazi Jewish
population.
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Structure of GM1 Ganglioside

Ganghonde GR1

CH.OH CHLOH

[#] HCNH

HCOH
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CH,

SIALIC ACID

Stearic scid

5
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Sphingasine

CERAMIDE

Gangliosides: These are the
most complex
glycosphingolipids, and are
found primarily in the
ganglion cells of the central
nervous system, particularly
at the nerve endings. They
are derivatives of ceramide
oligosaccharides, and
contain one or more
molecules of NANA.

ion for these compounds is G (for ganglioside) plus a subscript M, D, T, or Q to indicate whether
ne (mono), two, three, or four (quatro) molecules of NANA in the ganglioside, respectively.
| numbers and letters in the subscript designate the sequence of the carbohydrate attached to the

des are of medical interest because several lipid storage disorders involve the accumulation of
ntaining glycosphingolipids in cells.
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Lysosomal pathway for GM, degradation

o Lysosomal pathway for
el G Gl turnover of ganglioside GM1
In human cells

[3-galactosidase [ GM, gangliosidosis]

&

GalNAc — Gal - Glc ~f ceramide

Various enzymes may be
J.i:;::::::::::*:.le s missing in specific lipid
o storage diseases.
— Gal, galactose;

Gal - 6lc—{ ceramide) — GaINAC, N'
B-galactosidase P [ Krabbe's disease] aC etyl g al aCtosam i n e ;

Gl -{ ceramide ) — GIC, glucose,

P-glucosidase Gaucher’s disease)
1@ | — NANA, n-acetyl
neuraminic acid.

Baynes & Dominiczak: Medical Biochemistry 2E www.stud
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Next time...

« ...we'll start the new topic “Protein and
Nucleic Acid Biochemistry” and
discuss:

— protein digestion in gastro-intestinal tract
—amino acid absorption in the intestine.
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