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Tnacylglycerols (fats or triglycericles) consist of threc fatty acid chains
 esterified to a glycerol backbone. Simple triacylglycerols haye three identical
fatty acids, mlxect trlacylbuycem's ka2 two or three différent fatty acids.

riacylglycerols- ,are the ‘major caergy store and the majon dietary lipid in
humans. They are msqu‘ble in water and are stored in specialjzed adipose (fat)
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Fig. 1. Structure of (a) a simple triacylglycerol (1,2,3-tripalmitoy!-glycerol) and
triacylglycerol (1-palmitoyl-2,3-dioleoyl-glycerol).

cells are specialized for the synthesis and ‘storage of triacylglycel
their mobilization into fuel molecules. Triacylglycerols are transp

the body in large lipid-protein particles called lipoproteins (see~T
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Triacylglycerols are synthesize& from fatty acyl CoAs and glycerol
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In eukaryotes the SER has cmxmc: able to introduce Ll()llh]\ bonds i
fatty acyl CoA molecales in gn oxidation reaction thal n‘u‘”lmn]u cular oxyg,
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When in excess, acetyl CoA produced from the B-oxidatio
converted into acetoacetate and p-3-hydroxybutyrate. Toge
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thor wilh acetone

these compounds are collechvdy termed ketone bodies. Acc(oacc ate and n-3

hydroxybutyrate are preduced in the liver and provide an
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Overview

Activation

. Transport into
mitochondria

Fatty acid breakdown brmgs about the oxidation of long-cl
fatty acids are firsf converted to their acyl coenzyme A (C
then degraded by the successive removal of two-carbon ur
the fatty acid as acetyl CoA. The pathway produces FADH, 2
The acetyl CoA produced can Valso enter the citric acid cycle &
FADH, and NADH (see Topic L1). The FADH, and NAD}
by the respiratory electron transport chain to yield energy
(see Topic L2).
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~ 1. Oxidation of . tlie fatty acyl CoA to enoyl CoA formin
bond on the fatty acyl chain and preducing FADH, (cat
dehydrogenase).

by enoyl CoA hydratase).

3. Oxidation of 3-hydr oxyacyl CoA to 3-ketoacyl CoA

~ (catalyzed by hydroxyacyl CoA dehydrogenase).

4, Cieavage, or tluolyms of 3-ketoacyl CoA by a second C
acetyl CoA and-an aLyl CoA shortened by two carbon
B-ketothiolase)..",
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bond of the fatty. acyl chain (see Fig. 3, top structure, for
fatty acid breakdown its alternative name, B-oxidation. The
then undergoes further cycles of B-oxidation until the last
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oxidation are as folIowr (sce. Fig. 3):

1. Oxidation of the fatty acyl CoA to enoyl CoA formin

bond on the fatty pcyl chain and producing FADH, (cat
dehydrogenase).

2. Hydration of the trans A*-enoyl CoA lo form 3-hydroxy
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double bond between C-3 and C-4 prevents the formation of ang
bond between C-2 and C-3. To overcome this problem an isomer

ther double
hse converls

the cis-A® bond into a frans-A double bond, and the resulting I
CoA can then continue dowh the B-oxidation pathway (see Fig. 4.

ms-A’-enoyl

Another enzyme, in addition to the isomerase, is required for the oxidalion

of polyunsaturated fatty acids which have a double bond at an ev

carbon atom. In this case the 2,4-dienoyl intermediate resulting fro
of acyl CoA dehydrogenase is acted on by 2,4-dienoyl CoA reduc
cis-A’-enoyl CoA (Fig. 4). This is then converted by the isomerase i
form which continues down the pathway. These reactions are im

over half the fatty acids of ;plant and animal lipids are unsaturate
polyunsaturated). Rl &

{

H H
sl ll

Rk Unsaturated acyl CoA
C = SCoA

—Cc= C— CHz— CH,— with double bond at
even-numbered C atom
FAD :
Acyl CoA dehydrcgenase
FADH, s
B oHH 051 |
T s I R o
R—C=C— C="CI — C — SCoA 2, 4-Dienoyl CoA
NADPH + H* §
: _ 2, 4-Dienoyl CoA reductase
. " R it
: NADP P85
H H G 8

R -—CHZ-— ¢ ="c —cH,— c ,SCoA Cis-A3-gnoyl CoA

Isomerase | '

3 H Q4
g gz LM hd 2
R—CH,— CH,—C= (IJ — C'— SCoA . Trans-A%enoyl CoA
Ho (7o)

t 3

Fig. 4. Accessory enzymeé reqb/red for the metabolism of unsaturated fatty ag
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Fatty acids having an odd- npmbcr of carbon atoms (which are re
ih nature) are also degraded by the B-oxidation pathway in the s
those with an even number of carbon atoms, The only difference i§
final round the five carbon acy] CoA intermediate is cleaved into o
of the C3 propionyl CoA and one molecule of the C2 acetyl CoA.

onyl CoA is then converted mto succinyl CoA which enters the citi
(see Topic L1).
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Regulation

The major point of control of B-oxidation is the nvnilabt’lilv of fatly acic
The major source of free fatty acids in the blood is from}the breakdown
triacylglycerol stores in adiposc tissue which is regulated by the action
hormone-sensitive triacylglycerol lipase (sce Topic K4). Fatly acid breakdos

T 8x
-2

En

" Table 1.

and fatty acid synthesis are coordinalely controlled so as
cycle (see Topic K3).

lo prevent a fut’
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For each round of degradation, one FADH,, one NADH a
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: 1s therefore 17 ATP jnolecules,

[ ks The complete degradatxon of palmitoyl CoA (C16:0) req
i cf degradation and hence produces 7 X 5 =35 ATP molecu
acetyl CoA molecules are produced and hence another 8 Xj1
the total ATP yield per molecule of paimitate degraded is
However, one ATP is hydrolyzed to AMP and PP, in the
tate to palmitoyl CecA, resu]tmg in two high-energy bonds |+
the net yield is 129 ATPs (Table 1).

The yield of ATP is redyced slightly for unsaturated fa
additional metabalic reactions which enable them to be

pmducmg reactlon (see Fig. 4)

78

Calculation of the. ATP -yield from the comp/ete oxidation of palmitate

¢ acelyl Cc

molecule are produced. Each NADH generates three ATP molecules, and ea
FADH,; generates two ATPs during oxidative phosphorylation (sce Topic L
In addition, each acetyl"CoA yields 12 ATPs on oxidatior{ by tho citric ac
cycle (see Topic L1). The total yield for each round of fatl& acid degradah

ires sevcn roun
es. A latal of eig
= 96}ATP. Th
35+ 96= 131 A1
ctivatio;n of palr
eing cle:avedi Th
i

ty acidé,’ since t
degrac!ed by t

B-oxidation pathway either, involve using NADPH or bypass an FADI

De

gradatlve step : i Fes

ATP vyie

7 xi5 ATP for oxidation. of NADH-and FADH, produced by zach round of degradation

12 ATP for the breakdown of acetyl CoA by the' cltnc amd cycle
ATP equivalents for the activation of palmliate 1

35
96
-2
Total = 129
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Ketone boglies

b
When the level of acetyl CoA from p-oxidation increase
required for entry into the gitric acid cycle, the acetyl Co

D-3-hydroxybutyrate, ‘acétoacetate and- its nonenzymic b
~acetone are referred to-collectively as ketone bodies (Fig.

 Two. molecules of acetyl CoA initially condense to form
a reaction which is essentially the reverse of the thiolysis

The- acetoacetyl CoA ireacts with another molecule of a;
3-hydroxy-3- methylglutaryl CoA (HMG CoA) (Fig. 5). Th
cleaved to form acetuacetate and acety] CoA., (HMG CoA

2 |

:

: i

5 in excess of tl
i

A\ 1S converted i

acetoacetate and D-3- hydroxybutyrale by a process known as ketogenc<

reakdown prod:-
3). ‘;

acetoacetyl CoA
tep in E&—oxidati«
etyl CaA to fo
S mOICéuIC is th
is also the start

pomt for cholesterol blosynthe51s, see Topic K5.) The acetoacetate 1§ then eit

. reduced to D-3- hydroxybutylalr' in the mitochondrial matrix or undorfroe

slow, spontaneous decarboxylahou to acetone (Fzg 5). In dfabetes, ﬂCCtO«lcet

_is produced fastér than it canibe metabolized. Hence untrdated diabetics h;
‘high levels of ketone bodies in their blood, and the smell ¢f acetoiie can of

be detecied on theu‘ breath, : : i
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Axcetoacetate and D-3 hydroxybutyrate are produced mamJy in the liver a
are not just degradation products of little physiological value. Thcy are us
in preference to glucose as-an energy source by certain tissuc
muscle and kidney cortex: Although glucose is normally the
brain, under condltlons of starvatlon or diabetes this organ ¢
predommantly acetoacetate
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K5 CHOLESTEROL
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Cholesterol is a component of cell membranes and is the pr

N
{4

" in cholesterol blosynthesw Tluq enzyme can also be inhibitg

cortisol); and (5) the mmelalocoxtlcmds {e.g. aldosterone).

Meggw(‘)mmf”‘

s

hormones and the bile saits.

All 27 carbon atoms ofr_c‘l_lolestcrol are derived from acetyl

CoA and acetoacetyllCéA'combine to form FIMG CoA which,

|
t
§
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ecursor of steroid

CoA. Fiyst acetyl
in lurn, ic

reduced to mevalonate by HMG CoA reductase. Mevalonatgis converted intc

the five-carbon isoprene compounds 3-isopentenyl pyrop
isomer dimethquliyl pyrophosphate. These two compounds
the C10 geranyl pyrophosphate, which is elongated to
pyrophosphate by the addition of another molecule
pyrophosphate. Two molecules of farnesyl pyrophosphate

the C30 squalene, which is'then converted via squalene epox
to cholesterol. B CEN

‘e

activity of HMG Cof reductase, the enzyme that catalyzes tlf

by the compound lovastatm j' y

Bile salts (bile acids) are"-the major excretory form of choles
compounds are formed in'the liver by converting cholesterol
intermediate cholyl CoA and then combining this -compg
glycine, to form glycocholale, or taurine, to form taurochola
like bile salts are secreted into the inlestine where they aid
uptake of dletary llplds

)

Vltamm D is derlved v1a cholesterol in a serics of reaclio

hosphale and ilts
condense te form
he (‘Ia farnesyl
of Isopentonyl
ondeme to form
de and Janosterol

H

WA Cholesterol can either’be obtained in the diet or synthesized in the hvc1 High
i &
5‘: levels of cholesterol and its. metabolites decrease the amount and inhibit the

e comniitled step:
d therapeutically

i
¢

erol. Tlicse polar
into the%acﬁvated
sund with either
e. The c;lelergent—
he chgeftion and
¥

i :
15, onc {of which

requires the action of UV, hghl to break the bond between tfvo carb(i)n atoms.

Deficiency of vitamin D causes rickets in children and osteon

The steroid hormones arederived from cholesterol by a serie
oxygenases require both O, and NADPH to function. There ¢

steroid hormones: (1) the progestagens (e.g. progesterone);
(e.g.. testosterone), (3) the estrogens (e.g estrone); (4) the gly

Lipopr@ otems (X6)

alacia ih adults.

v
|

!
5 of reaclions thal
involve the heme-containing cytochrome P450 enzymecs.

These. mono-
wre five classes of
2) the androgens
cocortigoids (e.g

¢ \
¥

" Functions. of

Cholesterol is a steroid. It s an important constituent gf cell diembra
- cholesterol

where, in mammals, it modulates their fluidity {see~Fopig-lih): Cholesterc
also the precursor 'of steroid hormones such as progesteroe, testdsterone
cortisol, and the bile salts (see below).
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.| Biosynthesis of Animals are able to synthesize cholesterol de novo by an elezant scries
' i cholesterol reactions in which all 27 carbon aloms of cholesterol are derived from acc
e CoA. The acetate units are first converted into C5 isoprenc units, that are t]
l condensed to form a linear precursor to the cyclic cholestetol. !
4 i The first stage in the synthesis of cholesterol is the formation of isopente.
}i v pyrophosphate (Fig. 1), Acetyl CoA and acetoacetyl CoA combine lo fo
- 3-hydroxy-3-methylglutaryl CoA (HMG CoA). This process lakes place in
ol liver, where the HMG CoA’in the mitochondria is used to form kelone bod
P during starvatxom(-see%p?é#@)“whereac that in the cytosol i used to synthes
i cholesterol in the fed siate (under the influence of cholesterol). HMG CoA is t]
i reduced to mevalonate by HMG CoA reductase (Fig. 1). This is the commit
’ ! step in cholesterol biosynthesis and is a key control point. evalopate is
3 verted into 3-isopentenyl pyropiosphate by three conseculive reactions e
- involving ATP, with CO, being released in the last reaction (Fig. 1).
Lo : 2 :
' Acetyl CoA + Acetoaretyl CoA ¢
|~ : ol
' ! - ;
; !
i P H
: 5 5 ;
| e s T
€=~ Con
| e
i e 3-Hydroxy-3-metivylglutaryl CoA
! i HO (f o ; (HMG CoA) \ ';
{ oo £
plaiol SR
i Coo~
oF : g % s s O ?
¥ | 2NADPH + 2H* o T e i
- fi : ~ HMG CoA reductase
e CoA + 2NADP*
; : go0" 7 G
3 i 4
! ‘ ?Hz_ ey et
\ HO—CIJ—*CH g AMvevAalonale
4 L Gl 1
i s i ¥
B CH,OHY & -
{ 1 LB R
A 1 ATP
ADP #
ATP
i ADP > S e
b - &
i \T| : :
| ! : AP>." G S
off i ADP + P, + CO, oY N
32 P fieg
l (g , Is'b;jentenyl pyrophosphate
4 ?“C%? _3 ey
iape I ll‘ 3 I|
OHZO ||= o—T -0
:.'. v o f O'
Flg 1. Synthesis of. /sopef!ntenyl pyrophosphate
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K5 - @Holesterol

Regulatlon of
cholesterol
biosynthesis

.Bile salts

_® decreasing the amouut of HMG CoA reductase by ing

5

The C5 isoprene units m isopentenyl pyrophosphate are
form the C30 compound ‘squalene (Fig. 2). First, isopenla
isomerizes to dimethylallyl pyrophosphate (Fig. 2a), which
molecule of isopentenyl pyrophosphate to form the C10
pyrophosphate (Fig” 2b). Another molecule of isopentenyl |
reacts with geraityl pyrophosphate to form the C15 ¢
pyrophosphate. Next, two molecules of farnesyl pyropho
form squalene (Fig. 2b). .

Squalene is then convertéd into squalenc epoxide in a rc
and NADPH (Fig. 2b). Tlie squaiene epoxide cyclizes to fd

{
then cémdcnscc
nyl py"roph(‘spl
rcacts with anol
compound gera
yrophasphate t
bmpound  farnc

$phate condense
}

i
action that uses
rm lanpsterol, :

finally cholesterol is for’m‘ed, from lanosterol by the removal of t(vce mel

groups, the reductiow of one double bond by NADPH, and the migration

the other double bond (Fig. 2b).
‘Farnesyl pyrophosphate and the C20 compound gerany
phate (which is formed by the condensation of a

pyrophosphate with farnesyl. pyrophosphate) are covalently

gcranyj pyroph
other {isopente
linked to cyste

residues in a number of proteins, promoting their associatign withimembra

-551551@1"‘@-‘%)' ‘Dolichol,: Whlch contains some 20 isoprene u
the biosynthetic precursor of ‘the N-linked oligosaccharid
quently attached to prote1n< (*:nc:T:c-rprc:Ha) :

Cholesterol can be’ obtamed ‘either from the diet or it can
nowo, mainly in the hver Cholesterol is transported round tl

tein. particles (m The rate of synthesis of chole

on the cellular level of ‘cholesterol. High levels of cholestet
lites control cholesterol blosynthems by:

o feedback-inhibiting the actlvxtv of HMG CoA reductase,

its is used to ca
es thabi are sul
be syx,i:\thesized
e bodyt in lipop
sterol ig depend:
ol andiits metal

. catalyzes the comnutted step in cholesterol biosynthesis
® decreasing the amount of: HMG CoA reductase by redy
- and translationof 1ts mRNA;-

iy O

: -‘degradatlon

In addition, FIMG COA 1(.du<_lnsc like acetyl CoA carbos

synthesis '(see”—"]%ﬁiﬁ@‘)‘ is ‘inactivated by phosphoryla
activated protein kmase, reta,med in this form under the inf
during starvation. | |

HMG CoA reductase can be inhibited therapeutically by
drug lovastatin, based on the fungal products mevinolin ang
competitively inhibit the enzyme and hence decrease the

the enzyme wh

feee=Topic-GH

icing the synthc

reasing its rate

ylase in fatty a
tion by an ‘Al
uence !of glucag

i .
compactin, wh
rate of choleste

biosynthesis. 'lherefmg:, thesé coinpounds are routinely use
of, hypercholesterolemia (hlgh levels of blood cholesterol)

for tlie treatnu
eez_"mffbirc:K"ﬁ):

$ |
Bile salts (or bile acids) are polar derivatives of cholesterol and constitute :
major pathway for the excrehou of cholesterol in mammals. |n the l?vm chol

terol is converted into the activated intermediate cholyl Co

either with the amino group of glycine to form glycochohk

the amino group of taurine (H,N-CH,-CH,-SO;", a deriva
form taurocholate (Fig. 3b). After synthesis in the liver, t
cholate and tauxocholate a1e stored and concentrated in the

which then rea

(Fig.3a), or w
ve of cvsteine):
e bileisalts gly
all blatlder, bef

release into the small mtestme. Smce they contain both pblar and nonpc

admupstermg .
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Fig. 3, Structures of the bile salls () glycocholate and (b) taurocholale.

| Vitamin D

- Sterpid hormones

: 7-Dehydrocholesterol—;> choleslerol

O 0
I A I i
B, ,0=N=CH=~=0y ‘ C __C. _C—IN—CH,— CH,—
H Ve HO G- ) bl g
/j\\ L')\ i
/'\ //J\_ > ""‘]

HO " '\/H\,/ o

. . st ;
regions (that is are amphipathic molecules), the bile saltg are very cffe
detergents and act to solubilize dietary lipids. The resulfing inckease ir
surface area of the lipids aids their hydrolysis by lipases a Lcl thoir% uptake
intestinal cells {see=Fopic=l&l)z The intestinal absorption J&f the lipid-sol

L {
F

vitamins A, D, E and K also requires the action of the bilg salls. :

" Vitamin D is derived from,7-dehydrocholesterol by the acfion of the UV

ponent of sunlight, on ‘the ' skin, UV light brings about pﬁ\olol)rsi
7-dehydrocholesterol between C-9 and -10, leading to a rdarrangément c
double bonds of the molecule to form previtamin D; (Fig. 4). This mol
spontaneously isomerizes to form vitamin D; (cholecaldiferol). | Subse
hydroxylation reactigns takez’f place in the liver and kidneys to p‘i()ducc
dihydroxycholecalcerpl? (1,25(0H)D;), the active hormong (Fig. 4). Ri
which is caused by a deficiency of vitamin D, was historically a comimon dj
of childhood in Britain’ duet to' the low vitamin D content bf the rational
and lack of exposure to sunlight. Even today, people whose cultpres ic
the body to be clothed so.that no skin is exposed lo sunljght hai/e pro
in maintaining an“adequate vitamin D intake, In adults this takes'&the fo
osteomalacia - the,slc?)ftehihg; or weakening of the bones. i

‘

UV light

SSELELIBEROL

Previtamin Dy

W

Isomerization,

Vitamin Dy, S i Bt

(cholecalclferol) * - ,
Hydroxylation

: E

1, 26-dihydroxycholecalciferol © : ;
Fig. 4. Formation of vitamin D [ ‘
; Y §

Cholesterol is thé’ﬁrech;‘sdy of the five major classes of steroigl hor
(Table 1). The synt_h‘ésisfof."s‘tefrqid hormones is initiated by fhe remé?val 0
carbon unit from carbon 20 of the cholesterol side chain to form pregne:
the common precursor of all steroid hormones (Fig. 5). A series%of re
catalyzed by cytochrome P450 modify pregnenolone lo give rise; to t
vidual hormones (Fig. 5). .
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Pregnenoloné (c2f):

i
1

Progestagens (C21)
Giucocorticolds Androgens
(C21) Mineralocorticoids . (C19)
(Gl § -3 ‘ 8

: 'Est’rogens
& 4 . (C18)

D 2

/"g 5, ' Biosynthetic pathway for the synlhosza of the steroid hormon

e cytocl'uome PlSOs are a group of heme-containing
-M4)‘ that get their’ name from’ the wavelength maximum

| |
i '
‘ |
338 | Sestion K~ Lipid fnetaiol
Table|{1. Classes of steroid hormone
Class Site of synthesis Hormone Action ;
- - ! —
Proge'stég_ens Corpus luteum Progesterone  Prepares uterine lining for egg in plantatién;

' maintenance of pregnancy
Andragens Testis Tesfosterone  Development of male secondary sex characleristic:
Estrogens Ovary Estrone . IDevslopment of female secondary sex cHaracterist
Glucocorticoids Adrenal cortex Cortisol' ... Promotes giuconeogenesis and glycogen iformatior

r,.. enhances fat and protein degrédation i
Mineralocorticoids ~ Adrenal cortex Aldosterone Increases reabsorption of Na’ anp excretjon of K
i ; "+ H' by kidney tubules i ;
i
Cholesterol (C27)
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b
enzymes (see=i
of theiy absort

. spectra when bound: to carbon monoxide. They are preseit in bo:th the

chondria and the SER of many cells, and consist of a fa

nily of;structu

related enzymes with dlffel ent substrate specificities. The gnzymes all cat.

so-called mono-oxygenase: reachons in which one oxyge

atom from m

ular oxygen is inserted: into: the substrate molecule, and thd other oxygen

forms water. The electrons required to bring about the red

ction of oxyg

form water are sup'ﬁlied by specialized electron transport chains which are
tionally linked ‘to‘the P450 enzymes. These electron trangport chhins ue
have NADPH as the ulumatc electron donor, so a: cytochiome P450-cata

reaction is often charactenzed by the involvement of: both

O, and; NADF
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