SECTION I

Bioenergetics & the Metabolism
of Carbohydrates & Lipids

Bioenergetics: The Role of ATP

Peter A. Mayes, PhD, DSc, & Kathleen M. Botham, PhD, DSc

BIOMEDICAL IMPORTANCE

Bioenergetics, or biochemical thermodynamics, is the
study of the energy changes accompanying biochemical
reactions. Biologic systems are essentially isothermic
and use chemical energy o power living processes.
How an animal obrains suitable fuel from its food o
provide this energy is basic o the understanding of nor-
mal nurrition and merabolism, Death from starvation
occurs when available energy reserves are deplered, and
certain forms of malnurrition are associared with energy
imbalance {(marasmus). Thyroid hormones control [ﬁf‘
rate of energy release (merabolic rate), and disease re-
sults when they malfuncrion. Excess storage of surplus
energy causes obesity, one of the most common dis-
eases of Western society.

FREE ENERGY IS THE USEFUL ENERGY
IN ASYSTEM

Gibbs change in free energy (AG) is that portion of the
total encrgy change in a system thar is available for
doing work—ic, the uscful encrgy, also known as the
chemical potential,

Biologic Systems Conform to the General
Laws of Thermodynamics

The first law of thermodynamics stares thar the total
energy of a system, including its surroundings, re-
mains constant, It implies that within the total system,
energy is neither lost nor gained during any change.
However, energy may be cransferred from one parr of

the system to another or may be cransformed into an-
other form of energy. In living syscems, chemical en-
ergy may be transformed ineo heat or into electrical, ra-
I:ii:lrl.r. 0r rnL‘Cl'l:in'iE.‘l.i L‘rlcrg:.-'.

The second law of thermodynamics stares that the
tutal entropy of a system must increase if a process
i$ to occur s]:unta.nnunsl}r, Enll;.rnp}r 15 the extent of
I:il.'\l::l ﬂ.ll’.T ar r'ﬂ'll'jnmrlﬂ‘ﬁ l-.l:"- rhﬂ quth Jnd .hl.,l:ﬂqu
maximum as equilibrium is approached, Under condi-
tions of constant temperature and pressure, the rela-
[mnship berween the free energy r_'l'l:trlgc {AG) of a re-
Jcting system and the c]'L:mEf in en rr{:p}' [..'i";] 15
expressed by the following equanion, which combines
the two laws of thermodynamics:

AG=AH-TAS
where AH is the change in enthalpy (heat) and T is the
absolute temperature,

In biochemical rescrions, because AH is approxi-
mately equal to AE, the total change in internal energy
of the reaction, the above relationship may be expressed
in the following way:

AG=AE-TAS

If AG is negative, the reaction proceeds sponta-
neously with loss of free energy; ie, it is exergonic. If,
in addition, AG is of grear magnitude, the reaction goes
virually o completion and is essencially irreversible.
On the other hand, if AG is positive, the reaction pro-
ceeds only if free energy can be gained; ie, it is ender-
gonic. If, in addition, the magnirude of AG is grear, the



system s stable, with litle or no tendency for a reaction
to occur. If AG is zero, the system is at equilibrium and
no net change takes place,

W'hen the reactants are present in concentrations of
1.0 mol/L, AG" is the standard frec encrgy change. For
biochemical rcactions, a standard state is defined as
having a pH of 7.0. The standard free energy change at
this standard stare is denoted by AG”,

The standard free energy change can be caloulated
from the equilibrium constant &

U‘ ?
AG" = —RTIn K’y

where R is the gas constant and T is cthe absolute tem-
perature {Chaprer 8), It is important to note thar the
actual AG may be larger or smaller than AG” depend-
ing on the concentrations of the various reactants, in-
cluding the solvent, various ions, and proteins,

In a biochemical system, an enzyme only speeds up
the attainment of equilibrium; it never alters the final
concentracions of the reactants ar equilibrium,

ENDERGONIC PROCESSES PROCEED BY
COUPLING TO EXERGONIC PROCESSES

The vital processes—eg, synthetic reactions, muscular
contraction, nerve impulse conduction, and active
transport—uobtain energy by chemical linkage, or cou-
pling, to oxidartive reactions. In its simplest form, chis
type of coupling may be represented as shown in Figure
10-1. The conversion of metabolite A o metabolite B
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Figure 10-1.
gonic reaction,

Coupling of an exergonic to an ender-
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occurs with release of free energy. It is coupled w an-
other reaction, in which free encrgy is required to con-
vert metabolice € o metabolite D, The terms exer-
gonic and endergonic rather than the normal chemical
terms “exothermic” and “endothermic” are used o in-
dicate that a process is accompanicd by loss or gain, re-
spectively, of free energy in any form, not necessarily as
heat. In practice, an endergonic process cannor exist in-
dependentdy bur must be a component of a coupled ex-
crgonic-cndergonic system where the overall nee change
is exergonic. The exergonic reactions are termed catab-
olism (gencrally, the breakdown or oxidation of fucl
maolccules), whereas the synthetic reactions that build
up substances are termed anabolism, The combined
catabolic and anabolic processes constiture metabo-
lism,

If the reaction shown in Figure 10-1 is to go from
left to right, then the overall process must be accompa-
nicd by loss of free energy as hear. One possible mecha-
nism of coupling could be envisaged if a common oblig-
atory intermediate (1) took part in both reactions, ic,

A+C—|—B+D

Some exergonic and endergonic reactions in biologic
systems are coupled in this way. This type of system has
a built-in mechanism for biologic coneral of the rate of
oxidative processes since the common obligatory inter-
mediate allows the rate of unlization of the product of
the synthetic path (D)) to determine by mass action the
rate at which A 15 oxidized. Indeed, these relationships
supply a basis for the concept of respiratory control,
the process thar prevents an organism from burning out
of control. An cxtension of the coupling concept is pro-
vided by dehydrogenation reactions, which are coupled
to hydrogenations by an intermediare carner (Figure
10-2).

An alternative method of coupling an exergonic to
an endergonic process 15 to synthesize a compound of
high-energy potential in the exergonic reaction and o
incorporate this new compound into the endergonic re-
action, thus cffecting a transference of free encrgy from
the exergonic o the endergonic pathway (Figure 10-3),
The biologic advantage of this mechanism is that the
compound of high potential energy, ~E, unlike |

AG=AH-TAS

Figure 10-2. Coupling of dehydrogenation and hy-
drogenation reactions by an intermediate carrier.
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Figure 10-3. Transfer of free energy from an exer-
gonic to an endergonic reaction via a high-energy in-
termediate compound (—(E).

in the previous system, need not be structurally related
w0 A, B, C. or D, allowing & to serve as a transducer of
energy from a wide range of exergonic reactions to an
eqqually wide range of endergonic reacrions or processes,
such as biosyntheses, muscalar contraction, nervous ex-
citation, and active transport. In the living cell, the
principal high-energy intermediate or carrier com-
pound {designated ~E in Figure 10-3) is adenosine
triphosphate (ATP).

HIGH-ENERGY PHOSPHATES PLAY A
CENTRAL ROLE IN ENERGY CAPTURE
AND TRANSFER

In order to maintain living processes, all organisms
must obtain supplies of free encrgy from their environ-
ment. Autotrophic orpanisms utilize simple exergonic
processes; eg, I.EE energy of sunlight (green plants), the
reaction Fe™ — Fe™ {some bacteria). On the other
hand, heterotrophic organisms obtain free energy by
coupling their metabolism 1o the breakdown of com-
plex organic molecules in their environment. In all
these organisms, ATP plays a central role in the trans-
ference of free encrgy Irom the exergonic w the ender-
gonic processes (Figure 10-3). ATP is a nucleoside
triphosphate  containing adenine, ribose, and three
phosphate groups. In its reactions in the cell, it func-
tions as the Mg™ mmp]ex (Figure 10-4).

The importance ol phosphates in intermediary me-
tabolism became evident with the discovery of the role
of ATP, adenosine diphosphate (ADP), and inorganic
phasphate (P} in glyeolysis (Chapter 17),
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Figure 10-4. Adenosine triphosphate (ATP) shown
as the magnesium complex. ADF farms a similar com-
plex with Mg,

The Intermediate Value for the Free
Energy of Hydrolysis of ATP Has Important
Bioenergetic Significance

The standard free energy of hydrolysis of 2 number of
biochemically important phosphaces is shown in Table
L0-1. An estimare of the comparative tendency of cach
of the phosphare groups to wransfer to a suirable accep-
tor may be obtained from the AG” of hydrolysis ac
37 "C. The value for the hydrolysis of the rerminal

Table 10-1. Standard free energy of hydralysis
of same organophosphates of biochemical

importance.'*
AG"
Compound kJ/mol i keal/mal
Phasphoenolpyruvate -619 | -148
Carbamoyl phosphate -514 | 123
1,3-Bisphosphoglycerate —433 1 -11.8
[ta 3-phosphoglycerate)

Creatine phosphate -431 | -103
[ATP — ADP + P -305 | 713 |
ADP — AMP + P, -176 .6
Pyrophosphate -276 6.6
Glucose 1-phosphate =209 =50
Fructose 6-phosphate -1589 -38
AMP -142 | -34
Glucose 6-phosphate -138 =33
Glycerol 3-phosphate =02 =12

'P, inorganic orthophosphate.

"Walues for ATP and mast athers taken from Krebs and Komberg
(1957, They differ between investigators depending on the pre-
cise conditions under which the measurements are made.



phosphate of ATP divides che list into two groups.
Low-en phusphates, t'kum]:liﬁcd |:.1:.-' the ester
phosphates found in the intermediates of glyealysis,
have AG" values smaller than that of ATP, while in
high-energy phosphates the value is higher than that
af ATP. The componeits of this Latter gt‘{:uF. 'Lni_'[udil:lg
ATP, are usually anhydrides (e, the 1-phosphate of
I.5-hinpl1u5phngjytcr:lll_'}. umrl[.'ﬁ:m:.phnluﬁ {eg, phos-
phoenolpyruvate), and phosphoguanidines (eg, creatine
Fhu_l;p]'l.atc. :lrgi fine p]lmplulu}. The inlurmr_'ﬁ':at:: [.'lu's':-
tion of ATP allows it to play an imporant role in en-
ergy transfer. The high free energy change on hydrolysis
of ATP is due o relief of charge repulsion of adjacent
nr_'gu.livr_'ly EI!IE.EEL'IJ DXYgen atoms and to stabilization of
the reaction products, especially phosphate, as reso-
nance hybrids. Other “high-energy compounds™ are
thiol esters involving coenzyme A (eg, acetyl-CoA), acyl
carriet Fl'ul':."i.l‘l.. amifio acid esters involved in Frulu;n
synthesis, Sadenosylmethionine (active methioning),
UDPGle (uridine diphosphate glucose), and PRPP
{5-phosphoribosyl-1 -p}'rnprmx[_m]ulr_-}.

High-Energy Phosphates Are
Designated by ~ (P

The symbol ~@ indicates that the group atrached o
the bond, on transter to an appropriare accepror, results
in transfer of the larger quantity of free energy. For this
reasan, the term group transfer potential is preferred
by some to “high-energy bond.” Thus, ATP contains
two high-energy phosphare groups and ADP conrains
one, whereas the phosphate in AMP (adenosine mono-
phosphate) is of the low-energy type, since it is a nor-
mal ester link (Figure 10-5).

HIGH-ENERGY PHOSPHATES ACT AS THE
“ENERGY CURRENCY" OF THE CELL

ATP is able to acr as a donor of high-cnergy phosphate
to form those compounds below icin Table 10-1. Like-
wise, with the necessary enzymes, ADP can accept
high-energy phosphare o form ATP from those com-
pounds above ATP in the wable. In effect, an ATP/
ADP cycle connects those processes thar generare —()
to those processes thar urilize —(F) (Figure 10-6), con-
tinuously consuming and regenerating ATP. This oc-
curs ar a very rapid rate, since the rotal ATP/ADP pool
is extremely small and sufficient to mainrain an active
tissue for only a few seconds.

There are three major sources of —(E) taking part in
energy conservation or energy capture:

(1) Oxidative phosphorylation: The grearest quan-
titative source of ~(B) in acrobic organisms. Free energy
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Figure 10-5. Structure of ATP, ADP, and AMP show-

ing the position and the number of high-energy phos-
phates (-}

Giuoome 1,6 and snoegone
Ghvool Fahosid®  blschospholn  Sfdsese

Figure 10-6. Role of ATP/ADP cycle in transfer of
high-energy phosphate.
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Figure 10-7. Transfer of high-energy phosphate be-
tween ATP and creatine,

comes from respiratory chain oxidation using molecular
O, within mitochondria (Chaprer 11).

(2) Glycolysis: A net formarion of two —(T) resuls
from the formation of lactate from one molecule of glu-
cose, generated in two reactions catalyzed by phospho-
glycerare kinase and pyruvate kinase, respecrively (Fig-
ure 17=2).

i3) The citric acid cycle: One —(F) is generated di-
rectly in the cyele ar the succinyl thiokinase step (Figure
16=3).

Phosphagens act as storage forms of high-energy
Pl‘H}SEhaﬁr and include creatine phosphate, occurring in
vertebrate skeleral muscle, heart, spermatozoa, and
brain; and arginine phosphare, occurring in inverte-
brate muscle, When ATP is rapidly being urilized as a
source of energy for muscular contraction, phosphagens
permit its concentrations to be maintained, but when
the ATP/ADD ratio is high, their concentration can in-
crease 1o act as a store of high-energy phosphate (Figure
10-7).

When ATP acts as a phosphate donor to form those
compounds of lower free energy of hydrolysis (Table
10-1}, the phosphate group is invariably converted 1o
one of low energy, eg,

ATP Allows the Coupling of
Thermodynamically Unfavorable
Reactions to Favorable Ones

The phosphorylation of Elucm.': to glucose G-phos-
hate, the first reaction of glycolysis (Figure 17-2), is
Eighl}r endergonic and cannot proceed under physio-

|{!E[L’ IIII'H:H CLoans.

(1} Glucoset+P; — Glucose & phosphater H0
(46" =+13.8 kJmol)

To take place, the reaction must be coupled with an-
other—more exergonic—reaction such as the hydroly-
sis of the erminal phosphate of ATP.

(2) ATP— ADP+P (AG" =-30.5 kJ/mol)

When (1) and (2) are coupled in a reaction catalyzed by
hexokinase, phosphorylation of glucose readily pro-
ceeds in a highly exergonic reaction thar under physio-
logic conditions is irreversible. Many “activation” reac-
tions follow this pateern.

Adenylyl Kinase (Myokinase)
Interconverts Adenine Nucleotides

This enzyme is present in most cells. It catalyzes the fol-
lowing reaction:

AP +AMP o JADF

This allows:

(1) High-energy phosphate in ADT 10 be used in
the synthesis of ATP.

(2) AMP, formed as a consequence of several acui-
vating reactions involving ATP, w be recovered by
rephosphorylation 1w ADD.

(3] AMP to increase in concentration when ATP
becomes depleted and scr as a memabolic (allosteric) sig-
nal to increase the rate of catabolic reactions, which in
turn lead to the generation of more ATP (Chaprer 19).

When ATP Forms AMP, Inorganic
Pyrophosphate (PP)) Is Produced

This occurs, for example, in the acuvatnon of long-
chain farry acids (Chaprer 22):

I S TP, Ty T R —
LOMP +PF +F - 0 — S0

This reaction 15 accompanied by loss of free energy
as heat, which ensures thar the activation reaction will
go to the right; and is further aided by the hyvdrolytic
splicting of PP, catalyzed by inorganic pyrophospha-
tase, a reaction that itself has a large AG" of =27.6 kJ/
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Figure 10-8. Phosphate cycles and interchange of
adenine nucleotides.

mol. Nore thar activations via the pyrophosphare pach-
way resule in the loss of two ~@) racher than one ~ as
occurs when ADD and P, are formed.
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A combinarion of the above reactions makes it pos-
sible for phosphare to be recyeled and the adenine nu-
cleatides to interchange (Figure 10-8),

Other Nucleoside Triphosphates
Participate in the Transfer of

High-Energy Phosphate

By means of the enzyme nueleoside diphosphate ki-
nase, UTP, GTP, and CTP can be synthesized from
Ll'li.'il' (J.il.'l":ll'l.'ip]'l:lii.'}. I'.'g..

LUCLECSIDE

TP = UDP ADE = UTF
(aridire iphosshase]

All of these criphosphates ke part in phosphoryla-
tions in the cell, Similarly, specific nuclenside mono-
E:h::-s]:nlml:u: kinases catalyze the formation of nucleoside
diphosphates from the corresponding rnunuphmph:llu.\.
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ATE « Mucleoside— () -

Thus, adenylyl kinase is a specialized monophosphare
kinase.

SUMMARY

* Biologic systems use chemical energy to power the
living processes,

* Exergonic reacrions take place spontaneously with
loss of free energy (AG is negarive). Endergonic reac-
tions require the gain of free energy (AG is positive)
and only occur when coupled to exergonic reactions.

* ATP acts as the "energy currency” of the cell, trans-
ferring free energy derived from substances of higher
energy potential to those of lower energy potencial,
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Biologic Oxidation

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, D5c

BIOMEDICAL IMPORTANCE

Chemically, oxidation is defined as the removal of elec-
trons and reduction as the gain of clecrrons. Thus, oxi-
dation is always accompanicd by reduction of an elec-
tron accepror. This principle of oxidation-reduction
applics equally ro biochemical systems and is an impor-
tant concept underlying understanding of the nawre of
hiologic exidacion. Note that many biologic oxidations
can take place without the participarion of molecular
oxygen, ¢g, dehydrogenations, The life of higher ani-
mals is absolurely dependent upon a supply of oxygen
for respiration, the process by which cells derive energy
in the form of ATP from the controlled reaction of hy-
drogen with oxygen to form warer. In addition, molec-
ular oxygen is incorporated into a varicty of substrares
by enzymes designated as oxygenases; many drugs, pol-
lutants, and chemical carcinogens (xenobiotics) are me-
tabolized by enzymes of this class, known as the cy-
tochrome PP450 system. Administration of oxygen can
be lifesaving in the treatment of patienes with respira-
tory or circulatory failure.

FREE ENERGY CHANGES CAN
BE EXPRESSED IN TERMS
OF REDOX POTENTIAL

In reactions involving oxidation and reduction, the free
energy change is proportionate to the tendency of reac-
tants to donate or accepe elecerons, Thus, in addinon o
cxpressing free energy change in rerms of AG" (Chaprer
10}, it is possible, in an analogous manner, to express it
numrriwﬂj}r as an oxidation-reduction or redox po-
tential (E). The redox potential of a system (Fg) s
usually compared with the potwental of the hydrogen
electrode (0.0 volts ar pH 0.0). However, for biologic
systems, the redox potental (E')is normally expressed
at pH 7.0, at which pH the elecorode potential of the
hydrogen clectrode is —0.42 volts. The redox potentials
of some redox systems of special interest in mammalian
biochemistry are shown in Table 11-1. The relative po-
sitions of redox systems in the table allows prediction of
the direction of flow of clectrons from one redox couple
1o another,

Enzymes invalved in oxidation and reduction arc
called oxidoreductases and are classified into four

86

groups: oxidases, dehydrogenases, hydroperoxidases,
and oxygenases.

OXIDASES USE OXYGEN AS A
HYDROGEN ACCEPTOR

Orxidases catalyze the removal of hydrogen from a sub-
strate using oxygen as 4 hydrogen accepror.” They form
water or hydrogen peroxide as a reacrion produce (Fig-
ure 11=1).

Some Oxidases Contain Copper

Cytochrome oxidase is a hemoprorein widely distrib-
uted im many tissues, having the typical heme pros-
thetic gmuﬁ present in myoglobin, hemoglobin, and
ather cyrochromes (Chaprer 6). Tt is the terminal com-
ponent of the chain of respiratory carriers found in mi-
tochondria and eransfers electrons resulting from the
oxidation of substrate molecules by dehydrogenases to
their final acceptor, oxygen, The enzyme is poisoned by
carbon monoxide, cvanide, and hydrogen sulfide. It has
also been termed cytochrome . It is now known thar
cytochromes & and a; are combined in a single protein,
and the complex is known as cytochrome aay. It con-
tains two malecules of heme, each having one Fe atom
that oscillates between Fe™ and Fe™* during oxidation
and reduction. Furthermore, two atoms of Cu are pre-
sent, each associated with a heme unit,

Other Oxidases Are Flavoproteins

Flavoprotein enzymes conrain flavin mononucleotide
{FMNM) or flavin adenine dinucleotide (FAD) as pros-
thetic groups. FMN and FAD are formed in the Eod}-'
from E!FlE vitamin riboflavin (Chapter 45). FMN and
FAD are usually tighdy—bur not covalendy—bound to
their respective apoenzyme proreins. Merallotlavopro-
teins contain one of more metals as essential cofactors,
Examples of flavoprotein enzymes include L-amino
acid oxidase, an FMN-linked enzyme found in kidney
with general specificity tor the oxidarive deaminarion of

* The term “madase” 15 somenmes wsed collectrvely to denore all
enzymes thae catabyze reactions invalving molecular oxypen



Table 11-1. Some redox potentials of special
interest in mammalian exidation systems.

System E'; Velts
H*/H, D42
MAD* NADH -0.32
Lipoate; ox/red -0.29
Acetoacetate/3-hydroxybutyrate -0.27
Pyruvata/lactate -0.19
Oualoacetate/malate =017
Furnarate/succinate +0.02
Cytochrome b; Fe't/Fa®! +0.08
Ubiguinone; ox/red +0.10
Cytochrome c,: Fe**/Fe?* +0.22
Cytochrome a; Fe' ' /Fa®! +0.29
Coygen/water +0.82

the naturally ocourring i-amino acids; xanthine oxi-
dase, which contains malybdenum and plays an impor-
tant role in the conversion of purine bases o uric acid
{Chapeer 34), and is of particular significance in uri-
cotelic animals {Chaprer 29); and aldehyde dehydro-
genase, an FAD-linked cnzyme present in mammalian
livers, which contains molybdenum and nonheme iron
and acts npon aldehydes and N-hererocydlic substrares.
The mechanisms of oxidation and reduction of these
enzymes are complex. Evidence suggests a two-step re-
action as shown in Figure 11-2,

DEHYDROGENASES CANNOT USE
OXYGEN A5 A HYDROGEN ACCEPTOR

There are a large number of enzymes in this class, They
perfarm two main funcrions:

(1) Transfer of hydrogen from one substrate o an-
other in a coupled oxidarion-reducrion reaction (Figure
11-3). These dehydrogenases are specific for their sub-
strates bur often udlize common coenzymes or hydro-
gen carriers, eg, NAD®. Since the reactions are re-

AH, Y20,
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Figure 11-1. Oxidation of a metabolite catalyzed by
an oxidase (A) forming H,0, (B) forming H,0,.
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versible, these properties enable reducing equivalents tw
I,-H..' {r‘.‘c‘l}' rrﬂnﬁfl’.‘rrffi “"il‘l'l:irl l‘h: Eﬂl] This t}ch I::If r&ac-
tion, which enables one substrate to be oxidized at the
expense of another, is particularly useful in enabling ox-
idative processes o accur in the absence of oxygen,
such as during the anacrobic phase of glycolysis {Figure
1%3).

(2} As components in the respiratory chain of elec-
tron cransport from substrate to oxygen (Figure 12-3).

Many Dehydrogenases Depend
on Nicotinamide Coenzymes

These dehydrogenases use nicotinamide adenine di-
nucleotide (NAD*) or nicotinamide adenine dinu-
cleotide phosphate (NADP')—or both—and are
formed in the body from the vitamin niacin (Chaprer
45). The coenzymes are reduced by the specific sub-
strate of the dehvdrogenase and reoxidized by a suirable
cleceron accepror (Figure 11-4).They may freely and
reversibly dissociate from their respective apoenzymes.
Generally, NAD-linked dehydrogenases caralyze ox-
idoreduction reactions in the oxidative pathways of me-
tabolism, particularly in glycelysis, in the cirric acid
cvcle, and in the respiratory chain of mitochondria.
MNADP-linked dehydrogenases are found characteristi-
cally in reductive syntheses, as in the extramitochon-
drial pathway of farry acid synthesis and steroid synthe-
sis—and also in the pentose phosphate pathway.

Other Dehydrogenases Depend
on Riboflavin

The flavin groups associated with these dehydrogenases
arc similar o FMMN and FAD occurring in oxidases.
They are generally more tghedy bound o their apoen-
zymes than are the nicotinamide cocnzymes, Most of
the riboflavin-linked dehydrogenases are concerned
with clectron transport in {or to) the respiratory chain
{Chaprer 12). NADH dehydrogenase acts as a carrier
of clectrons between NADH and the components of
higher redox potential (Figure 12-3). Other dehydro-
genases such as succinate dehydrogenase, acyl-CoA
dehydrogenase, and mitochondrial glycerol-3-phos-
phate dehydrogenase transfer reducing equivalents di-
rectly from the substrate to the respiratory chain (Fig-
urc 12-4). Another role of the Aavin-dependent
dehydrogenases is in the dehydrogenation (by dihy-
drolipoyl dehydrogenase) of reduced lipoate, an inter-
mediate in the oxidative decarboxylanion of pyruvate
and O-keroglutarate (Figures 12-4 and 17-3), The
electron-transferring flavoprotein is an intermediary
carricr of electrons between acyl-CoA dehydrogenase
and the respiratory chain (Figure 12—4),
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Figure 17-2, Osidoreduction of isoalloxazine ring In flavin nucleotides via a semi-

guinane (free radical) intermediate (center).

Cytochromes May Also Be Regarded
as Dehydrogenases

The r_].rmr:hmmes are iron-containing hcmupmmm in
which the iron atom oscillates between Fe'™ and Fe'*
during oxidation and reduction, Except for eytochrome
oxidase {previously described), they are classified as de-
hydrogenases. In the respiratory chain, they are in-
volved as carriers of electrons from flavoproteins on the
otie hand to cytochrome oxidase on the other (Figure
12-4). Several identifiable cytochromes occur in the
respitatory chain, ie, eytochromes b, ¢, ¢ a, and &, (cy-
tochrome oxidase). Cyrochromes are also found in
other locations, eg, the endoplasmic reticulum (cy-
tochromes P450 and b)), and in plant eells, bacteria,
and yeasts.

HYDROPEROXIDASES USE HYDROGEN
PEROXIDE OR AN ORGANIC PEROXIDE
AS SUBSTRATE

Two type of enzymes found both in animals and planes
fall into this category: peroxidases and catalase,
Hydroperoxidases protect the bady against harmiul
peroxides. Accumulation of peroxides can lead to gen-
eration of free radicals, which in turn can disrupt mem-
branes and perhaps cause cancer and atherosclerosis.

(See (:hapttr}; 14 and 45.)

AH, Carrigr BH,

[HﬁdﬁX {0y {Red)
A Carrler—H,

{0

{Red) {i}r]
DEHYDROGENAZE DEHYDRDGENASE
SPECIFIC FOR A SPECIFICFOR B

Figure 17-3. Oxidation of a metabolite catalyzed by
coupled dehydrogenases.

Peroxidases Reduce Peroxides Using
Various Electron Acceptors

Peroxidases are found in milk and in leukocytes,
platelets, and other ssues involved in eicosanoid me-
tabolism (Chapter 23). The prosthetic group is proto-
heme. In the reaction catalyzed by peroxidase, hydro-
gen peroxide is reduced ar the expense of several
substances that will act as electron aceeprors, such as
ascorbate, quinones, and cytochrome ¢ The reaction
catalyzed by peroxidase is complex, but the overall reac-
tion is as follows:

PERCXIDASE
HJ'DE + Iq.HJ —_— IHzﬂ' + A

In erythrocyres and other tssues, the enzyme plu-
tathione peroxidase, contining selenium as a pros-
thetic group, catalyzes the destruction of H,0, and
lipid hydroperoxides by reduced glurathione, protecting
membrane lipids and hemoglobin against oxidation by
peroxides {Chapeer 20,

Catalase Uses Hydrogen Peroxide as
Electron Donor & Electron Acceptor

l::ltul:sr: 15 h:mnpmt::in i:un.ta'ln'l:ng fnur I'H:ITLI: groups.
In addition to possessing peroxidase activity, it is able
to use one molecule of HaO, as a substrate electron
donor and another molecule of H,O, as an oxidant or
electron acceptor.

EH?'D:. —_— .IH:.D ¥ D:l

Under most conditions in vivo, the peroxidase activiry
of caralase scems to be favored. Carlase is found in
blood, bone marrow, mucous membranes, kidney, and
liver. lrs funcrion is assumed to be the destrucrion of
hydrogen peroxide formed by the action of oxidases.



Figure 17-4. Mechanlsm of axidation

and reduction of nicotinamide coen-

zymes. There is stereospecificity about

position 4 of nicotinamide when it is re- H
duced by a substrate AH,. One of the hy- 1
drogen atoms is removed from the sub- L
strate as a hydrogen nucleus with tweo

electrons (hydride ion, H') and is trans- +
ferred to the 4 position, where it may be T
attached in either the A or the B position R
according to the specificity determined

by the particular dehydrogenase catalyz-

ing the reaction. The remaining hydro-

gen of the hydrogen pair removed from

the substrate remains free as a hydro-

gen ion,

Peroxisomes are found in many tissues, including liver.
They are rich in oxidases and in caralase, Thus, Iﬁld‘ en-
zymes that produce H.O, are grouped with the enzyme
that destroys it. However, mitochondrial and microso-
mal elecrron transport systems as well as xanchine oxi-
dase must be considered as additional sources of H, O,

OXYGENASES CATALYZE THE DIRECT
TRANSFER & INCORPORATION

OF OXYGEN INTO A SUBSTRATE
MOLECULE

Oreygenases are concerned with the synthesis or degra-
darion of many different types of metabolites, They cat-
alyze the incorporation of oxygen into a substrate mole-
cule in two steps: (1) oxygen is bound to the cnzyme at
the active site, and (2) the bound oxygen is reduced or
transferred 1o the substrare, Choygenases may be divided
into two subgroups, as follows,

Dioxygenases Incorporate Both Atoms
of Molecular Oxygen Into the Substrate

The basic reaction 15 shown below:
A+ Oy — AD,

Examples include the liver enzymes, hom tisate
dioxygenase (oxidase) and 3-hydroxyanthranilate
dioxygenase (oxidase). thar conrain iron; and L-trypro-
phan dioxygenase (trvprophan pyrrolase) (Chaprer
30), thar udlizes heme.

COMH.
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DEHYDADGENASE
SPECIFIC FOR A

A+ H

HAD™ + AHy ————— NADH + H™ = A

Monooxygenases (Mixed-Function
Oxidases, Hydroxylases) Incorporate
Only One Atom of Molecular Oxygen
Into the Substrate

The other oxygen atom is reduced to water, an addi-
tional eleceron donor or cosubstrate (£) being necessary
for this purpose,

A—H+0;+ZH; + A—OH+H,0+ £

Cytochromes P450 Are Monooxygenases
Important for the Detoxification of Many
Drugs & for the Hydroxylation of Steroids

Cytochromes 450 are an important superfamily of
heme-containing monooxgenases, and more than 1000
such enzymes are known, Both NADH and NADPH
donate reducing equivalents for the reduction of these
cytochromes (Figure 11-5), which i tumn are owidized
by substrares in a serics of enzgymatic reactions collectvely
known as the hydroxylase cyde (Figure 11-6). In liver
microsomes, cytochromes P450 are found together with
cytochrome b. and have an important role in detoxifica-
tian. Benrpyrenc, aminopyrine, aniline, morphine, and
benzphetamine are hydroxylated, increasing their solubil-
ity and aiding their excretion. Many drugs such as phe-
nobarbital have the ability to induce the formation of mi-
crosomal enzymes and of cyochromes "430.
Mitachondrial cytochrome P450 sypstems are found
in steroidogenic tissues such as adrenal cortex, testis,
ovary, and placenta and are concerned with the biosyn-
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Aming cxidase, ele

CNT

MADH —= Flavoprotaing —= Cyl b, Steanyl-Cod desalurase
e
Flavaproteing

f.r"’
MADPH —= Flavoproteing —= Gyl P450 —= Hydroxylation

Figure 17-5.
indicated step.

thesis of steroid hormones from cholesterol (hydrosxyla-
tion ar C,; and Cyy in side-chain cleavage and ar the
11P and 18 positions). In addition, renal systems cat-
alyzing 1e- and 24-hydroxvlations of 25-hydroxychole-
calciferol in vitamin [ merabolism—and cholesterol
To-hydroxylase and sterol 27-hydroxvlase involved in
bile acid biosynthesis in the liver (Chaprer 26)—are
P450 enzymes.

SUPEROXIDE DISMUTASE PROTECTS
AEROBIC ORGANISMS AGAINST

OXYGEN TOXICITY

Transfer of a single clectron ta O, gencrates the poten-
tially damaging superoxide anion free radical (O,7),
the destructive effeces of which are amplified by its giv-

Substrate A-H
P450
la | Haper-oyT Paso REDUCTASE |
+
e NADP* FADH,
MADPH + H* FAD

21_11

A-OH

= Lipid peroxidation
Heme oxygenase

Electron transport chain in microsomes, Cyanide (CN ) inhibits the

ing rise to free radical chain reactions (Chaprer 14).
The ease with which superoxide can be formed from
oxygen in tissues and the ocourrence of superoxide dis-
mutase, the enzyme responsible for its removal in all
acrobic organisms (although not in obligate anacrobes)
indicate thar the potential roxicity of oxygen is due w
its conversion to superoxide.

Superoxide is formed when reduced flavins—pre-
sent, for example, in xanthine oxidase—are reoxidized
univalently by molecular oxygen,

En.z == F1a'ﬂ'ln —H2, -+ Dz —_— Enz _Flav-i'n_ H + DET + H+

Superoxide can reduce oxidized cytochrome ¢

0," +CyteFe* )—0,+CytcFe?')

PA50-A-H
s
" F'4|5M-H
24
SFe, 8" b
o,
b
2Fa,5."" i
Pqim-.u.-H
Fa®* —0,

Pas0-A-H
|
Fe*=— 07

Figure 11-6. Cytochrome P450 hydroxylase cycle in microsomes. The system shown is typical
of steroid hydroxylases of the adrenal cortex. Liver micrasomal cytochrome P450 hydroxylase does
not regquire the iron-sulfur protein Fe,5.. Carbon monoxide (CO) inhibits the indicated step.



ar be removed by superoxide dismutase,
SUPEROMIDE
DISMUTASE
O +07+3H ——0 e H0,+ 0y

In this reaction, superoxide acts as both oxidant and
reductant. Thus, superoxide dismutase protects acrobic
organisms against the potential deleterious effects of su-
peroxide. The enzyme ocours in all major aerobic tis-
sues in the mitochondria and the cytosal. Although ex-
posure of animals to an armesphere of 100% oxygen
causes an adapuve increase in superoxide dismutase,

articularly in the lungs, prolonged exposure leads o
rung damage and death. Antioxidants, eg, o-tocopherol
{vitamin E}, act as scavengers of free radicals and reduce
the taxicity of oxygen (Chaprer 45).

SUMMARY

* In biologic systems, as in chemical svstems, oxidaton
{loss of clectrons) is always accompanied by reduc-
tion of an electron acceptor,

* Oxidoreductases have a variety of functions in me-
tabolism; oxidases and dehydrogenases play major
roles in respiration; hydroperoxidases protect the
body against damage by free radicals; and oxygenases
mediate the hydroxylation of drugs and steroids.

* Tissues are protected from oxygen toxicity caused by
the superoxide free radical by the specific enzyme su-
peroxide dismurase.
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The Respiratory Chain &
Oxidative Phosphorylation

Peter A. Mayes, PhD, DSc, & Kathleen M. Botham, PhD, DSc

BIOMEDICAL IMPORTANCE

Acrobic organisms are able to caprure a far greater pro-
portion of the available free energy of respiratory sub-
strates than anaerobic organisms. Most of this takes
place inside mirochondria, which have been termed the
“powerhouses” of the cell. Respiration is coupled to the
generation of the high-energy intermediate, ATP, by
oxidative phosphorylation, and the chemiosmotic
theery offers insight into how this is accomplished. A
number of drugs (eg, amobarbital) and poisons (eg,
cyanide, carbon monoxide) inhibir oxidative phos-
phorylation, usually with faral consequences. Several in-
herited defects of mitochondria involving components
of the respiratory chain and oxidative phosphorylation
have been reported. Patients present with myopathy
and encephalopathy and often have lactic acidosis.

SPECIFIC ENZYMES ACT A5 MARKERS
OF COMPARTMENTS SEPARATED BY
THE MITOCHONDRIAL MEMBRANES

Mitochondria have an outer membrane that is perme-
able o most mebolites, an inner membrane chat is
selectively permeable, and a matrix within (Figure
12-1). The outer membrane is characterized by the
presence of various enzymes, including acyl-CoA syn-
thetase and gl].rctm]ihmphztr :lq‘ll.rnnxfera.'.'::. Adenylyl
kinase and creatine kinase are found in the intermem-
brane space, The phospholipid cardiolipin is concen-
trated in the inner membrane together with the en-
aymes of the respiratory chain.

THE RESPIRATORY CHAIN COLLECTS
& OXIDIZES REDUCING EQUIVALENTS

Most of the energy liberated during the oxidation of
carbohydrate, faroy acids, and amino acids is made
available within mitochondria as reducing equivalencs
—H or elecrrons) (Figure 12-2). Mimcﬁmtdria con-
tain the respiratory chain, which collects and trans.
ports reducing equivalents directing them to cheir final
reaction with oxygen to form water, the machinery for

91

trapping the liberated free energy as high-energy phos-
phate, and the enzymes of f-oxidation and of the ciuric
acid cycle EChaFl.:rs 22 and 16) that Fruf.!ur.':: maost of

lI'.Il.‘ I'Ed.ul'_'lil'lE EE]LLi"."iIIt ns.

Compeonents of the Respiratory Chain
Are Arranged in Order of Increasing
Redox Potential

Hydrogen and electrons flow through the respirarory
chain (Figure 12-3) through a redox span of 1.1 V
from MADHNADH w O,/2H,0 (Table 11-1). The
respiratory chain consists of & number of redox carriers
that proceed from the NAD-linked dehydrogenase sys-
tems, through Aavoproteins and cyrochromes, o mole-
cular oxygen. Nor all substrates are linked to the respi-
ratory chain through NAD-specific dehydrogenases;
some, because their redox porentials are more positive
{eg, fumaratefsuccinate; Table 11-1), are lin di-
rectly to flavoprotein dehydrogenases, which in turn are
linked to the cytachromes of ﬁ'lfe respiratory chain (Fig-
ure 12-4).

Ubiquinone or Q (coenzyme Q) (Figure 12-5)
links the Havoproteins o cytochrome &, the member of
the cytochrome chain of lowest redox potential. () ex-
ists in the oxidized quinome or reduced quinol form
under aerobic or anaerobic conditons, respectively.
The structure of Q is very similar to that of vicamin K
and vitamin E (Chaprer 45) and of plastoquinone,
found in chloroplases. Q) acts as a mobile component of
the respiratory chain thar colleces reducing equivalents
from the more fixed Havoprotein complexes and passes
them on to the cyrochromes.

An additional componenr is the iron-sulfur protein
{Fe5; nonheme iron) (Figure 12-6). It is associated
with the flavoproteins (meralloflavaproteins) and with
cytochrome & The sulfur and iron are thought o take
part in the oxidoreduction mechanism berween flavin
and Q, which involves only a single e™ change, the iron
atom undergoing oxidoreduction berween Fe'* and
Fe™*

P}rruvare and ot-keroglurarate dehydrogenase have
complex systems involving lipoate and FAD prior o
the passage of elecrrons to NAD, while electron trans-
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Phosphorylating

complexes
MATRIX
GCristas
INMER
MEMBRANE
— OUTER
MEMBERAME

Figure 12-1. Structure of the mitochondrial mem-
branes. Mote that the inner membrane contains many
folds, or cristas,

fers from other dehydrogenases, eg, 1.(+)-3-hydroxvacyl-
CoA dehydrogenase, couple directly with NAD,

The reduced NADH of the respiratory chain is in
turn oxidized by 2 metalloflavoprotein enzyme—NADH
dehydrogenase. This enzyme contains FeS and FMN,
is tightly bound to the respiratory chain, and passes re-
ducing equivalents on to ().

FOOD |

Electrons flow from ) through the series of cyio-
chromes in order of increasing redox potential to mole-
cular oxygen {Figure 12-4). The terminal cytochrome
aa; {cytochrome oxidase), responsible for the final com-
bination of reducing cqui\rarcms with molecular oxy-
gen, has a very high affinity for oxygen, allowing the
respiratory chain w function ar maximum rate uncil the
tissue has become depleted of ;. Since this is an irre-
versible reaction (the only one in the chain), it gives di-
rection to the movement of reducing equivalents and o
the production of ATP, to which it is coupled.

Funcrionally and strucrurally, the components of
the respiratory chain are present in the inner mitochon-
drial membrane as four protein-lipid respiratory chain
complexes that span the membrane. Cyrochrome ¢ is
the only soluble cytochrome and, together with @,
seems to be a more mobile component of the respira-
tory chain connecting the fixed complexes (Figures
12-7 and 12-8).

THE RESPIRATORY CHAIN PROVIDES
MOST OF THE ENERGY CAPTURED
DURING CATABOLISM

ADP caprures, in the form of high-energy phosphare, a
significant proportion of the free energy released by
catabolic processes. The resulting ATP has been called
the energy “currency” of the cell because it passes on
this free energy to drive those processes reguiring en-
ergy (Figure 10-6).

There is a net direct capture of two high-energy
phosphate groups in the glycolytic reactions (Table
17-1}, equivalent o approximarely 103.2 klfmol of
glucose. (In vivo, AG for the synthesis of ATP from
ADF has been calculated as approximarely 51.6 k]/mol.
(It is greater than AG" for the hydrolysis of ATP as
given in Table 10-1, which is obtained under standard

Fat g Fatly acid d i o
e (] i y acids
B * \\ p-Oxidation
Glycerol - -
- [k Citri |
Carbohydrate —— £ —— Glucose, o == Acetyl - Cod acid 2H
5 B o ! 3
E /,"‘ | Respiratory chain
Protein = — Amino aclds Ir I
I L MITOCHOMDRION Il ADP J
I
Exlramilochondrial sources of
reducing equivalents
Figure 12-2. Role of the respiratory chain of mitochondria in the conversion of foad energy to ATP. Oxidation

of the major foodstuffs leads to the generation of reducing equivalents (2H) that are collected by the respiratory

chain for oxidation and coupled generation of ATP.
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concentrations of 1.0 mol/l.) Since 1 mol of g]ucnw:
yields approximately 2870 k] on complete combustion,
the energy caprured by phosphorylation in glycolysis is
small. Two more high-energy phosphates per mole of
glucase are captured in the atric acid cycle during the
conversion of succinyl CoA to succinate. All of these
phosphorylations occur ar the substrate level. %When
substrates are oxidized via an NAD-linked dehydrogen-
ase and the respiratory chain, approximately 3 mol of
morganic phosphate are incorporated into 3 mal of
ADP o form 3 mol of ATP per half mol of O; con-
sumed; e, the PO ratio = 3 {Figur: 12-7). On the
other hand, when a substrate is oxidized via a H:wnprn-
tein-linked dehydrogenase, only 2 mol of ATP are
tormed; ie. 0 = 2. These reactions are known as ox-
idative phosphorylation at the respiratory chain
level. Such dehydrogenations plus phosphorylations at
the substrate level can now account for 68% of the free
energy resulting from the combustion of glucose, cap-

rured in the form of hlgh-tntrg}' phm‘phnt:. It 15 evi-

Succinate
Profing Choline
B-Hydroxyacyl-Col l
B-Hydroxybutyrate
Glutamate Fp
Malata [FAD)
Isociirate Fes

Pyruvate

\ b o

Figure 12-3. Transport of reducing
equivalents through the respiratory
chain.

dent thar the respiratory chain is responsible for a large
proportion of total AT formation.

Respiratory Control Ensures
a Constant Supply of ATP

The rate of respiration of mitochondna can be con-
trolled hy the availability of ADP. This 15 because oxi-
dation and phosphorylation are tightly coupled; ie, oxi-
dation cannot proceed via the respiratory chain withour
concomitant  phosphorylation of ADP. Table 12-1
shows the five conditions controlling the rate of respira-
tion i mitochondria. Mose cells in the n::ri.nE state are
in seate 4, and respiration is concrolled by the availabil-
ity of ADP. When work is performed, ATP is con-
verted ta ADDP, allowing more respiration to occur,
w]'lich in tarn r:p]cni.uhcx r|'|.|: store of A'I‘l‘. Unc[t:r cer-
tain conditions, the concentration of inorganic phos-
phate can also affect the rate of funcooning of the respi-
ratory chain, As rr_l;piratinn increases (as in exercise),

Lipoate —s Fp ——s MAD —— (FMM)] — O — Cytb —» Cyt oy — Oyl — Cylaa; — Oy
Cu

/ (FAD) Fas / T Fos
a-Hetoglutarate Fo Fag
(FAD) ETF
Fa5 (FAD)
Fp FeS: Iron-suffur protain
(FAD) ETF: Elactron-lranstering flavoprotein

Fip: Flavoprotein

Q: Ubiguinone

Ghycerol 3-phosphate Acyl-CoA Cyt: Cylocheomea

Sarcosing
Dimethyiglycine

Figure 12-4. Components of the respiratory chain in mitochondria, showing the collecting points for reduc-
ing eguivalents from important substrates. Fe5 occurs in the sequences on the O, side of Fp or Cyt b.
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H H
(H*+ 27} H + &)
E CH,O CH, CH,
CH.O [CHaCH =CGHLLH
Fully oeidized or Semiguinona farm Reduced or quinal farm
quinone Torm {iree radical) (hydroguinone)
Figure 12-5. Structure of ubiquinone (Q) n = Number of isoprenoid units, which is

10 in higher animals, ie, Q.

the cell ap roaches state 3 ar state 5 when cither the ca-
pacity of I.EL tespiratory chain becomes saturated or the
Po, decreases below the K for cytochrome 2, There is
also the possibility that the ADP/ATP transporer (Fig-
ure 12-9), which facilitates entry of cytosolic ADP into
and ATP out of the mitochondrion, becomes eate-
limiting.

Thus, the manner in which biologic oxidative
processes allow the free energy resulting from the oxida-
tion of feodstulls to become available and 1o be cap-
tured is seepwise, efficient (approximarely 68%), and
controlled—rather than explosive, inefficient, and un-
controlled, as in many nonbiologic processes. The re-
maining free energy that is not caprured as high-energy
phosphate is liberated as heat, This need not be consid-
ered "wasted,” since it ensures that the respiratory sys-
tem as a whole is sufficiently exergonic to be removed
from equilibrium, allowing continuous unidirectional
flow and constant provision of AT It also contribuees
o maintenance of body emperature.

/F'r
/F-s-'s
5
(shm
Pr—Cys—5 Fe 5
Fg—o
g
3
E'ﬁr{ ‘FEr_\
Fr 5\
Cys
5"\
Pr

Figure 12-6. Iron-sulfur-protein complex {Fe,5.}. &
acid-labile sulfur; Pr, apoprotein; Cys, cysteine residue,
Some iron-sulfur proteins contain two iron atoms and
two sulfur atoms [Fe,5.).

MANY POISONS INHIBIT THE
RESPIRATORY CHAIN

Much information about the respiratory chain has been
obtained by the use of inhibitors, and, conversely, this
has I!rm-'idt,d knowledge about the mechanism of action
of several poisons {F1gur:: 12-7). They may be classified
as inhibitars of the respiratory chain, inhibitors of ox-
idative phosphorylation, and uncouplers of oxidative
phosphorylaton.

Barbiturates such as amobarbital inhibie NAD-
linked dehydrogenases by blocking the transfer from
FeS to (). At sufficient dosage, they are faral in vivo.
Antimycin A and dimercaprol inhibit the respiraory
chain berween cytochrome § and cytochrome . The
classic poisons H,S, carbon monoxide, and cyanide
inhibir oytochrome oxidase and can therefore torally ar-
rest resparacton. Malonate is a competinve inhibitor of
Tl.[ccinﬂ.rﬂ d{:h}'d rﬂgﬁnﬂs‘:

Atractyloside inhibits oxidative phosphorylation by
inhibiting the transparter of ADP into and ATP out of
the mitochondrion (Figure 12-10).

The action of uncouplers 15 to dissociate oxidarion
in the respiratory chain from phosphorylation. These
compounds are toxic in vivo, causing respiration to be-
come uncontrolled, since the rare is no longer limired
by the concentration of ADP or P, The uncoupler that
has been used most frequently is 2y4-dinitrophenol,
but ather compounds act in a similar manner. The an-
tibiotic oligomycin completely blocks oxidation and
phosphorylation by acting on a step in phosphorylation
(Figures 12-7 and 12-8).

THE CHEMIOSMOTIC THEORY EXPLAINS
THE MECHANISM OF OXIDATIVE
PHOSPHORYLATION

Mitchell’s chemiosmotic theory postulates thar the
energy from oxidarion of components in the respirarory
chain is coupled ro the rranslocation of hydrogen ions
(protons, H') from the inside o the outside of the
inner mitochondrial membrane. The elecrrochemical
potential difference resulting from the asymmenric dis-



96 | CHAPTER12
Malonata
Complex Il
P FAD
Succinate
Fes Carboxin
TTFA
BAL
Anbimycin A
Camplex | Complex Il

A

Uncouplers Aa E!:un;la:r-h‘:tgl
Raolgnona
Qligarmysin
ADP + P, ATP ADP + P,
Figure 12-7.

ATP ADP + P, ATP

Proposed sites of inhibition (2 of the respiratory chain by specific drugs, chemicals, and antibi-

otics. The sites that appear to support phosphorylation are indicated. BAL, dimercaprol. TTFA, an Fe-chelating
agent. Complex |, NADHubiguinone oxidoreductase; complex I, succinate:ubigquinone oxidoreductase; complex
I, ubiquinolferricytochrome ¢ oxidoreductase; complex [V, ferrocytochrome coxvgen oxidoreductase, Other ab-

breviations as in Figure 12-4,

wribution of the hydrogen ions is used to drive the
mechanism responsible for the formation of AT (Fig-
ure 12-8},

The Respiratory Chain Is a Proton Pump

Each of the respiratory chain complexes I, 111, and IV
(Figures 12-7 and 12-8) acts as a proton pump. The
inner membrane is impermeable to ions in general bue
particularly to protons, which accumulate outside the
membrane, creating an electrochemical potential dif-
ference across the membrane (AU ") This consists of a
chemical potential {difference in pH) and an electrical
potential,

A Membrane-Located ATP Synthase
Functions as a Rotary Motor to Form ATP

The electrrochemical potential difference is used o drive
a membrane-located ATP synthase which in the pres-
ence of P, + ADF forms ATP (Figure 12-8). Scarcered
over the surface of the inner membrane are the phos.
phorylating complexes, ATP synthase, responsible for
the production of ATP (Figure 12-1). These consist of
several protein subunits, collecrively known as Fy,
which project into the marrix and which contain the
phosphorylation mechanism (Figure 12-8). These sub-

units are actached to a membrane protein complex
known as Fy, which also consists of several protein sub-
units. Fy spans the membrane and forms the proton
channel. The flow of protons through Fy causes it to ro-
tate, driving the production of ATP in the F; complex
(Figure 12-9), Estimates suggest that for cach NADH
oxidized, complex | translocares four protons and com-
plexes [l and IV manslocate 6 berween them, As four
protans are taken into the mitochondrion for each ATP
exported, the IO ratio would not necessarily be a com-
plete integer, ie, 3, bur possibly 2.5, However, for sim-
plicity, a value of 3 for the oxidation of NADH + H*
and 2 for the exidation of FADH, will conninue o be
used throughour this texs.

Experimental Findings Support
the Chemiosmotic Theory

(1) Addition of protons (acid) to the external
medium of intact mitochondria leads ro the generation
of ATP.

[2) Oxidarive phosphorylation does not occur in solu-
ble systems where there is no possibility of a vecrorial
ATP synthase. A closed membrane must be present in
order to achieve oxidative phosphorylation (Figure 12-8).

{3) The respiratory chain conrains components or-
panized in a sided manner (transverse asymmerry) as re-
quired by the chemiosmotic theory.



Table 12-1. States of respiratory control.
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Phaspholipid
bty

!'uﬂochm'mrlal Respiratory

inner {coupling) - H* 4 [elactron

mamibrang transport}
chain

INSIDE

QUTSIDE

+ jam

Figure 12-8. Principles of the chemiosmaotic theory of oxidative phosphorylation. The main proton circuit
is ereated by the coupling of axidation in the respiratory chain to proton translacation from the inside to the
outside of the membrane, driven by the respiratory chain cornplexes |, Il and IV, each of which acts as a pro-
ton pump, @, ubiquinone; C, cytochrome ¢; F,, Fy protein subunits which utilize energy from the proton gra-
dient to promote phosphaorylation. Uncoupling agents such as dinitrophenol allow leakage of H™ across the
membrane, thus collapsing the electrochemical proton gradient. Oligomycin specifically blocks conduction
of H through F,.

The Chemiosmotic Theory Can Account
for Respiratory Control and the Action
of Uncouplers

The electrochemical potencial difference across the mem-
brane, once esrablished as a result of proton transloca-
tion, inhibits further ranspore of reducing equivalents
through the respiratory chain unless discharged by back-

translocation of protons across the membrane through

| Conditions Limiting the Rate of Respirati Eol Rk
W s ccntmamsetasd_itsbins et ot the vectorial ATP synthase. This in turn depends on

State 1 | Availability of ADP and substrate
State 2 | Availability of substrate only
State 3 | The capacity of the respiratory chain itself, when
ll substrates and components are present in
| saturating amounts
State 4 | Availability of ADP anly
State 5 iﬁ.vailabiliw of oiygen anly

availability of ADP and P,

Uncouplers {eg, dinitrophenol) are amphipathic
{Chaprer 14} and increase the permeability of the lipoid
inner mirochondrial membrane o protons {Figure
12-8), thus reducing the electrochemical potential and
shorc-circuiting the ATP synthase. In this way, oxida-
tion can proceed without phosphorylation.
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Figure 12-9. Mechanism of ATP production by ATP
synthase. The enzyme complex consists of an F; sub-
complex which is a disk of "C” protein subunits. At-
tached is a y-subunit in the form of a *bent axle.” Pro-
tons passing through the disk of “C* units cause it and
the attached y-subunit to rotate, The y-subunit fits in-
side the F, subcomplex of three o- and three f-sub-
units, which are fixed to the membrane and do not ro-
tate, ADP and P, are taken up sequentially by the
[f-subunits to form ATP, which is expelled as the rotat-
ing w-subunit squeezes each [F-subunit in turn. Thus,
three ATP molecules are generated per revolution. For
clarity, not all the subunits that have been identified are
shown—eg, the “axle” also contains an e-subunit.

THE RELATIVE IMPERMEABILITY
OF THE INNER MITOCHONDRIAL
MEMBRANE NECESSITATES
EXCHANGE TRANSPORTERS

Exchange diffusion systems are present in the mem-
brane fgf exchange of anions against OH™ ions and
cations against H ions. Such systems are necessary for
uptake and ourput of fonized merabolites while preserv-

ing electrical and osmoric equilibrium. The inner
bilipoid mitochondrial membrane is freely permeable
to uncharged small molecules, such as oxygen, water,
CO,, and NH,, and 1o monocarboxylic acids, such as
3-hydroxyburyric, acetoacetic, and acetic. Long-chain
farry acids are wansported into mitochondria via the
carnitine system {Figure 22-1), and there is also a spe-
cial carrier for pyruvarte involving a symport that utilizes
the H* gradient from outside 1o inside the mirochon-
drion (Figure 12-10). However, dicarboxylate and ri-

Imnier

OUTSIDE mitachondrial
rmermbrane

N-Ethylmalsmide
QOH™
HaPOy~
M-Ethylmaleimids
Hydroxysinnamals
Pyruvats™

INSIDE

H* %‘
N
halate’ '\‘" - -
P Malate®
Citrate™™ Gl
+H*
- Malate®
B 5"‘\
=K etoglutarale® LR -
ADPY ——] 7%

%z - ATP™
Atractyloside

Figure 12-10. Transporter systems in the inner mi-
tochondrial membrane, 0, phosphate transporter;

&, pyruvate symport; (&), dicarboxylate transporter;

@, tricarboxylate transporter; &), o-ketoglutarate trans-
porter; &) adenine nucleatide transporter, N-Ethyl-
maleimide, hydroxycinnamate, and atractyloside inhibit
(1) the indicated systems. Also present {but not
shown} are transporter systems for glutamate/aspar-
tate (Figure 12<13), glutamine, ornithine, neutral amino
acids, and carnitine (Figure 22-1).
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carboxylate anions and amino acids require specific
transporter of carricr systems o facilitate their passage
across the membrane, Monocarboxylic acids penerrate
more readily in their undissociated and more lipid-solu-
ble form.

The tanspore of di- and oicarboxylare anions is
closely |jnkccr to that of inorganic phosphate, which
penerrates readily as the H;PO, ™ ion in exchange for
OH . The ner uprake of malare by the dicarboxylate
transporter requires inorganic phosphate for exchange
in the opposite direction. The net uptake of citrate,
isocitrate, or ci-aconitate by the tricarboxylare trans-
porter requires malate in exchange. ©-Ketoglurarare
transport also requires an cxchange with malate. The
adenine nuclemi::ie transporter allows the exchange of
ATP and ADP bur not AMP. It is vital in allowing
AT exit from mitochondria to the sites of extramito-
chondrial urilization and in allowing the return of ADP
for ATP production within the mitochondrion (Figure
12-11). Na* can be exchanged for H*, driven by the
Emmn gradient. It is believed thar acrive uptake of Ca®™

v mitochondria occurs with a net charge transfer of 1
(Ca* uniport), possibly through a Ca®*/H* antiport.
Calcium release from mitochondria is facilitated by ex-
change with Na*,

Innar
OUTSIDE millaenondrisl INSIDE
membrana
Fy
/\ ATP S¥NTHASE
aHt - : .

Figure 12-11. Coembination of phosphate trans-
porter (1) with the adenine nucleotide transporter (55)
in ATP synthesis. The HY/P, sympaort shown is equiva-
lent ta the P/OH™ antipart shown in Figure 12-10, Four
protons are taken into the mitochondrion for each ATP
exported, However, one less proton would be taken in
when ATP is used inside the mitochondrion,

lonophores Permit Specific Cations
to Penetrate Membranes

lonophores are lipophilic molecules thar complex spe-
cific cations and facilitate their transpart through bio-
logic membranes, eg, valinomydn (K*), The classic
uncouplers such as dinicrophenol are, in fact, proton
imophores.

A Proton-Translocating Transhydrogenase
Is a Source of Intramitochondrial NADPH

Energy-linked transhydrogenase, a procein in the inner
mitochondrial membrane, couples the passage of pro-
tons down the dectrochemical gradient from ouside o
inside the mitochondrion with the mansfer of H from
intramitochondrial NADH w NADPH for intramito-
chondrial enzymes such as gluramare dehydrogenase
and hydroxylases invelved in steroid synchesis.

Oxidation of Extramitochondrial NADH
Is Mediated by Substrate Shuttles

NADH cannot pencrate the mitochondrial mem-
brane, bur it is produced continuously in the cyrosol by
3-phasphoglyeeraldehyde dehydrogenase, an enryme in
the glyeolysis sequence (Figure 17-2). However, under
acrobic conditions, excramitochondrial NADH docs not
accumulate and is presumed to be oxidized by the respi-
ratory chain in mitochondria, The transfer of reducing
equivalents through the mitochondrial membrane re-
quires substrare pairs, linked by suitable dehydrogen-
ases on cach side of the mitochondrial membrane, The
mechanism of transfer using the glycerophosphate
shuttle is shown in Figure 12-12), Since the mitochan-
drial enzyme is linked to the respiratory chain via a
flavoprotein rather than NADY, anly 2 mal rather than
3 mol of ATP arc formed per atom of oxygen con-
sumed. Although this shurtle is present in some rissucs
{eg, brain, white muscle), in others (g, heart muscle) i
is deficient, It is therefore believed that the malate
shuttle system (Figure 12-13) 15 of more universal
urility. The complexity of this system is due to the im-
permeability of the mitochondrnal membrane 1o oxalo-
accrate, which must react with glutamate and ransami-
nate to aspartate and G-ketoglutarate before transport
through the mitochondrial membrane and reconstiru-
tipn 1o oxaloacetare in the cytosol.

lon Transport in Mitochondria
Is Energy-Linked

Mitochondria maintain or accumulate cattons such as
» 1 :

E*, Na*, Ca™*, and Mg™, and P, Ir is assumed char a

primary proton pump drives cation :mhang:.
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QUTER INNER
MEMBRANE E
CYTOS0L MITOCHOMNDRION
MAD* Glycerol 3-phosphate *  Glycerol 3-phosphate FAD
GLYGERQL-3-PHOSPHATE GLYCEACL-3-PHOSFHATE
DEHYDROGENASE DEHYDROGENASE
(CYTOSOLIC) {MITOCHONDALAL)
MADH + H* Dihydroxyacetona - Dihydroxyacetona FADH;
phospale phosphate
Respiratory chain

Figure 12-12. Glycerophosphate shuttle for transfer of reducing equivalents from the cytosal into the

mitochondrion,

The Creatine Phosphate Shuttle
Facilitates Transport of High-Energy
Phosphate From Mitochondria

This shurte (Figure 12-14) augments the functions of
ereatine phosphate as an energy buffer by acting as a
dynamic system for transfer of high-energy phosphate
from mitochondria in active tissues such as heart and
sheleral musele. An isoenzyme of creatine kinase (CK)
is found in the mitochondrial intermembrane space,
catalyzing the transfer of high-energy phosphate to cre-
atine J}utl1 ATP 1.'r|‘u:ri_r|'|1'q.?r from the adenine IflLIl:.']l.'t'HidL‘
transporter. In wrn, the crearine p]mspiuw 1% Irans-

ported into the cytesal via protein pores in the outer
mitochondrial membrane, becoming available for gen-
eration of extramitochondnal ATE.

CLINICAL ASPECTS

The condition known as fatal infantile mitochondrial
myopathy and renal dysfunction involves severe dim-
inution or absence of most oxidoreductases of the respi-
ratory chain. MELAS (mitochondrial encephalopathy,
luctic acidosis, and stroke) is an inherited conditon due
to NADH:ubiquinone oxidoreductase {complex I) or
cytochrome oxidase deficiency. [t is caused by a muta-

INMER
CYTOSOL MEMBRAMNE MITOCHOMNDRION
NAD® Malate » Malate NAD™
Il MALATE DEHYDAOGENASE | MALATE DEHYDROGENASE
MADH ..//\\_. Oxaloacatate a-KG KB Oxaloacetale NADH
+H" +H"
TRANSAMINASE TRANSAMINASE
Gilutamate Asp ﬂ/ﬁap Glutamate
/ ~
Hl Hl

Figure 12-13. Malate shuttle for transfer of reducing equivalents from the cytosaol inta the mitechondrion,
@ Ketoglutarate transporter; @, glutamate/aspartate transporter (note the proton symport with glutamate),



THE RESFIRATORY CHAIN & OXIDATIVE PHOSPFHORYLATION /101

Figure 12-14. The ereatine phosphate shuttle of
heart and skeletal muscle. The shuttle allows rapid
transport of high-energy phosphate from the mito-
chandrial matrix into the cytasel. CK,, creatine kinase
concernad with large reguirements for ATP, eg, mus-
cular contraction; CK_, creatine kinase for maintaining
equilibrium between creatine and ereatine phosphate
and ATP/ADF; CK,, creatine kinase coupling glycolysis
to creatine phosphate synthesis; CK. mitochondrial
creatine kinase mediating creatine phosphate produc-
tion from ATP formed in oxidative phosphorylation; B,
pore protein in outer mitochondrial membrane.

tion in mitochondrial DNA and may be involved in
Alzheimer’s discase and diaberes mellitus. A number of
drugs and poisons act by inhibition of oxidatve phos-
phorylation (see above).

SUMMARY

Wirtually all energy released from the oxidation of
carbohydrate, far, and protein 15 made available in
mitochondrna as reducing equivalents —H or ¢}
These are funneled into the respiratory chain, where
they are passed down a redox gradient of carriers o
their final reaction with Oxypen to [orm water.,

The redox carriers are grouped into respiratory chain
complexes in the inner mitochondrial membrane.
These use the energy released in the redox gradient w
pump protons to the outside of the membrane, creat-
ing an elecrrochemical potential across the membrane.

Spanning the membrane are ATP synthase com-
plexes thar use the potential energy of the proton gra-
dient to synthesize ATP from ADP and P, In this
wiy, oxidation is closely coupled to phosphorylation
to meet the energy needs of the cell.

Energy-reqguiring
processes
/;1; mussla contraction)
ATP ADE
ATR ADP

Creating 4—\“———"/—r Creating-P

ADP
Glycolysis e

P,
Cyiosol

Iter-membrans

Craidathog
phoaphorylation

Matrix

* Because the inner mitochondrial membrane is imper-
meable to protons and other jons, special exchange
transporters span the membrane to allow passage of
ions such as OH-, B, ATP, ADPY, and metabo-
lives, withour discharging the elecrochemical gradi-
ent across the membrane,

* Many well-known poisons such as cyanide arrese res-
piration by inhibition of the respiratory chain,
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Carbohydrates of

Physiologic Significance

Peter A. Mayes, PhD, DSc, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

Carbohydrares are widely distribured in plants and ani-
mals; they have important structural and metabolic
roles. In planes, glucose is synthesized from carbon
dioxide and warer by photosynthesis and stored as
starch or used o synthesize cellulose of the plant frame-
work. Animals can synchesize carbohydrace from lipid
glycerol and amino acids, bur most animal carbohy-
drate is derived ultimarely from plants. Glucose is the
most imporant carbohydrare; most dietary carbohy-
drate is absorbed into the bloodstream as glucose, and
other sugars are converted into glucose in the liver.
Glucose is the major metabolic fuel of mammals {ex-
cept ruminants) and a universal fuel of che ferus. Iris
the precursor for synchesis of all the other carbohy-
drates in the body, including glycogen for storage; ri-
bose and deoxyribose in nucleic acids; and galactose
in lactose of milk, in glvcolipids, and in combinarion
with protein in glycoproteins and proteoglycans. Dis-
cases associated with carbohvdrate metabolism include
diabetes mellitus, galactosemia, glycogen storage
diseases, and lactose intolerance.

CARBEOHYDRATES ARE ALDEHYDE
OR KETONE DERIVATIVES OF
POLYHYDRIC ALCOHOLS

(1} Monosacchandes are those r.'arbnh.}rdrzn:s that
cannot be hydralyzed into simpler carbohydraces: They
may be classified as trioses, tetroses, pentoses, hex-
oses, or heptoses, depending upon the number of car-
hon atoms; and as aldeses or ketoses depending upon
w]'n:thl:r r['u:':r h:n-': an aH::h}r{l: ar ketone group. F.xam—
ples are listed in Table 13-1.

(2} Disaccharides are condensation products of two
monosaccharide units. Examples are maltose and su-
CrosE.

(3} Oligosaccharides are condensaton products of

rwo to ten monosacchandes; maltotriose™

I'.I-ll:.

15 an exam-

*Muete thar this is nor a orue oricse bur a risaccharide conraining
three gt-glucose residues.
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[4] Polysaccharides are condensation products of
mare than ten monosaccharide units; examples are the
starches and dextrins, which may be linear or branched
polymers. Polysaccharides are sometimes classified as
hexosans or pentosans, depending upon the identry of
the constiteent monosaccharides.

BIOMEDICALLY, GLUCOSE IS THE MOST
IMPORTANT MONOSACCHARIDE

The Structure of Glucose Can Be
Represented in Three Ways

The straight-chain  structural formula  (aldohexose;
Figure 13—1A) can account for some of the properties
of glucose, bur a cyclic structure s favored on thermo-
dynamic grnuncLh and accounts for the remainder of its
chemical properties. For maost purposes, the structural
formula is represented as a simple ning in perspective as
prnpmr_'d by Haworth (Figure 13-1B). In this represen-
tation, the rnnl:::.ul:: is viewed from the side and above
the ]:n[.m: of the ring. By convention, the bonds nearest
to the viewer are bold and thickened. The siv-mem-
bered ring containing one oxygen atom is in the form

of a chair I:F'Lr__r‘u re 13-1C).

Sugars Exhibit Various Forms of Isomerism

[:|umq|:, witl’: four n_l;}'mmrtric carbon atoms, can Fnrm
16 isomers. The more importane types of somerism
tound with glucose are as follows.

(1) » and L isomerism: The designarion of a sugar
isomer as the D form or of its mirror image as the L form

Table 13-1. Classification of important sugars.

Aldoses E Ketoses
Trioses (C;H,05) Glycerose | Dihydroxyacetone
Tetroses (CH;0,) Erythrose | Erythrulose
Pentoses (CH, 04 Ribose EHihquse
Hexoses (CH,.0,) jGIucuse Echtuse
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A ﬁ ] o
I1|:_H
H—'*'ill—DH

HO—3G—H
H—"i:J o4 Pyran Furan
H—-‘Hl: —0OH
SCH.OH HOCH
HOCH, |
HCOH
B . 0
H/H f h
HONOH  HJOH OH  HfoH
H OH H OH
a-p=-Glucopyranose w=p=Glucofuranose
c Figure 13-3. Pyranose and furanose forms of glu-

cose,

Figure 13-1. p-Glucose. A: straight chain form.
B: ot-o-glucose; Haworth projection. C: c-o-glucose;

chair form
i i A
C—H C—H . 9
| | H/H OH
H::b—zf.!: —H H— :I: —OH 8 P
ACH,OH CHZOH HOWH  HO
L-Glycerase o-Glycerose 4 a COH
L=glyceraldehyde) (o=glyceraldehyde) o] H OH H M
w-o-Fructopyranose [e-Fructopyranose
o o
I Il
'E—H C—H a
| I HOCH
HO—*C—H H—C—0H 4 foht
| |
H—3—0H HO—C —H . .
| |
HO—*C—H H—C—0H
| |
HO—C—H H—C—0OH ! ah
| | COH
*CHLOH CH.OH e H OH  HH,
L=-Glucose p=Glucose e-o-Fructoluranose [F=o-Fructofuranose
Figure 13-2. o and L-isomerism of glycerose and Figure 13-4. Pyranose and furanose forms of fruc-

glucose. tose.
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HOGCH, HOCH,
aQ o
Ha L H H H/H
4 —— i
H\OH HfoH o H
-}
H aH H OH
w=p-Galaciose w=p=Glucose

is determined by its spatial relationship to the parent
compound of the carbohydrates, the three-carbon
sugar glycerose (glyceraldehyde). The L and o forms of
this sugar, and of glucose, are shown in Figure 13-2.
The crientation of the —H and —OH groups around
the carbon atom adjacent to the terminal primary alco-
hol carbon {(carbon 5 in glucose} determines whether
the sugar belongs to the b or L serics, When the —OH
group on this carbon is on the right (as seen in Figure
13-2), the sugar is the D-isomer; when it is on the
left, it is the L-isomer. Most of the monosaccharides
occurring in mammals arc D sugars, and the enzymes
respansible for their metabolism are specific for chis
configuration. In solution, glucose is dextrorotatory—
hence the alternative name dextrose, often used in
clinical practice.

The presence of asymmetric carbon atoms also con-
fers optical activity on the compound. %hen a beam
of planc-polarized light is passed through a solution of
an optical isomer, it will be rotated cither to the right,
dextroratatory (+); or to the left, levorotatory (=), The
dircction of rotation is independent of the scercochem-
istry of the sugar, so it may be designated p{=), D{+),
L(=), or Li+}. For ecxample, the naturally occurring form
of fructase is the b=} isomer.

(2] Pyranose and furanose ring structures: The
stable ring structures of monosacchandes are similar to
the ring structures of cither pyran la six-membered
ring) or furan {a fve-membered ring) (Figures 13-3
and 13-4). For glucose in solution, more than 99% is
in the pyranose form.

H H

Figure 13-5. Epimerization of

n-o-Mannose glucose.

(3} Alpha and beta anomers: The ring structure of
an aldose is a hemiacetal, since it is formed by combina-
tion of an aldchyde and an alcohol group. Similarly, the
ring structurc of a ketose is a hemiketal, Crystalline glu-
cosc 15 O-D-glucopyranose. The cyelic structure is re-
tained in solution, but isomerism ocours abour position
1, the carbonyl or anomeric carbon arom, 1o give a
mixture of G-glucopyranose (38%) and P-glucopyra-
nose (62%). Less than 0.3% is represented by @ and 3
anomers of glucofuranose,

{4} Epimers: [somers differing as a result of vara-
tions in configuration of the —OH and —H on car-
bon atoms 2, 3, and 4 of glucose are known as cpimers.
Biologically, the most important epimers of glucose are
mannosc and galactose, formed by cpimerization ac car-
bons 2 and 4. respectively (Figure 13-5).

{15} Aldose-ketose isomerism: Fructose has the
same molecular formula as glucose bur differs in i
structural formula, since there is a potential keto group
in position 2, the anomeric carbon of fructose (Figures
13-4 and 13-7}, whereas there is a potenrial aldehyde
group in positon 1, the anomeric carbon of glucose
{Figurcs 13-2 and 13-6).

Many Monosaccharides Are
Physiologically Important

Derivatives of trioses. tetroses, and pentoses and of a
seven-carbon sugar (sedoheptulose) are formed as meta-
bolic intermediares in glycolysis and the pentose phos-
phate pathway. Pentoses are importane in nucleotides,

I:IZHU tliHD ?HD
I:IFHO IZIZHD li:-l'iﬂ li:HD H=C=0H HCI—If—H H—II:—DH
I
CHD HO=C—=H H=C=0H HO—C—H —C—0H HD—C—H HO—G—H HO—GC—H
CHOD I I I [ | I |
" (l; - H=C—90H H::l-——l|:~—|-| HD—-tlz-—H H=C—=0H H—C=—0DH HO—GC—H H—I|:—CIH H—tl:-—DH
—iG— |
L5, HurI:—DH H—iIS—CIH H—C—0H H-—~¢.I:—~m-: He=C=0H H=C=0H H-|I:—::|H H—n‘i'.-m-:
Iy 1
b-Glycaross CHyOH CH,OH CH,oH CH,OH CH,OH CHO0H CHZOH CH,OH
{o-glyceraldehyde) o-Erylhrose o-Lyxose p-Kylosa b-Arabinose o-Aibose p-Galactose o-Mannose o-Glucoss

Figure 13-6.

Examples of aldoses of physiologic significance.
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Table 13-2, Pentoses of physiologic importance,
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Sugar Where Found Biochemical Importance Clinical Significance
o-Ribose Mucleic acids, Structural elements of nucleic aclds and
coenzymes, eg, ATP, NAD, MADP, flavo-
prateins, Ribose phosphates are inter-
mediates in pentose phosphate pathway.
p-Ribulose | Formed in metabolic processes, Ribulase phosphate s an intermediate in
pentose phosphate pathway.
o-Arabinose | Gum arabic. Plum and cherry gums. | Constituent of glycoproteins,
o-Xylose Wood gums, protecglycans, Censtituent of glycoproteins.,
glycosaminoglycans.
D-Lyxose Heart muscle. A constituent of a lyxoflavin isolated from
human heart muscle,
L-®ylulose | Intermadiate in uronic acid pathway, Found in urine in essential
pentosuria.

nucleic acids, and several COENZYMES {Table 13-2).
Glucose, galactose, fructose, and mannose are physio-
]ng'lc:ll]}' lE: maost important hexoses (Table 13-3), The
biochemically important aldoses are shown in Figure
136, and impurlunl ketoses in F'lgun: 13-7.

[n addition, carboxylic acid derivatives of glucose are
important, including D-glucuronate {for glucuronide
formanion and in glycosaminoglyeans) and s mera-
bolic derivative, L-iduronate (in glycosaminoglycans)
{Figurc: 13-8) and J.-Eu]nnntt' {an intermediate in the
wranic acid pathway; see Figure 20-4),

Table 13-3. Hexoses of physiologic importance.

Sugars Form Glycosides With Other
Compounds & With Each Other

Glycosides arc formed by condensation berween the hy-
droxyl group of the anomeric carbon of a monosaccha-
ride. ar monosaccharide residue, and a second compound
that may—or may not {in the case of an aglycone)—be
another monosaccharide. If the sccond group s a hy-
dromyl, the O-glycosidic bond is an acetal link because it
TC'“.lltS me ] l'f_"-ll:tllﬂrl bl:rwr:r,‘n a ]'|.|'_'|:|'| i..1|:|:'l‘:l| E!'ﬂup

(tormed from an aldchyde and an —OH group) and an-

Sugar Source Importance Clinical Significance
o-Glucose | Fruit juices. Hydralysis of starch, cane | The “sugar” of the body. The sugar carried | Present in the urine (ghycosuria)
sugar, maltose, and lactose. by the blood, and the prindipal one used | in diabetes mellitus owing to
by the tissues, raised blood glucose [hyper-
ghycemia),
o-Fructose | Fruit juices. Honey. Hydralysis of Can be changed to glucose in the liver Hereditary fructose intolerance
cane sugar and of inulin (from the and so used in the body. leads to fructose accumulation
Jerusalem artichoke), and hypoglycemia.
o-Galactose | Hydrolysis of lactose, Can be changed to glucose in the liver Failure to metabolize leads
and metabolized. Synthesized in the to galactosemia and cataract.
mammary gland to make the lactose of
milk. A constitieent of glycolipids and
glycoproteins.
o-Mannose | Hydrolysis of plant mannans and A constituent of many glycoproteins,
gums.
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CHLOH
CH,OH f!: =0
CH,OH CH,OH rl: =g Hﬂ—l||: —H
é=0 é=ﬂ Hﬂ—é—-H H—GC—0OH
CHL0H H'I]—Eli—H H—!JJ—GH H—1|:—CIH H—C—0OH
i|3=D H—C—0OH H—C—CH H—G—0H H—GC—0OH
El:HiﬂH |:|:1-|an CH,0H CH,OH CH,OH
Dihydroxyacetons p-Xylulose o-Ribulose p-Fruclose o-Sedoheptulose
Figure 13-7. Examples of ketoses of physiologic significance.
other —OH group. If the hemiaceral porton s glucose, oo~ H
the resulting compound is a glucoside; if galactose, a a o
’mﬁd{; III'I{i &3 0., IF tht SEEi]nll El’ﬂllp i.i an :IITII.]'lEr H H H H /oo H

an M-glyeosidic bond is formed, eg, between adenine and
nibose in nudeotides such as AT (Figure 10-4),

Glycosides are widely distributed in nature; the agly-
cone may be methanol, glyeerol, a sterol. a phenol, or a
base such as adenine, The glycosides chat are important
in medicine because of their action on the heart (car-
diac glycosides) all contain steroids as the aglycone.
-ﬂ'n:sc inc]udr c]l:n'\-':ltivts af digita“s .:I.I'I{I stm]’:hﬂnrhu_ﬁ
such as ouabain, an inhibitor of the Mat-K* AT Pase of
cell membranes. Other glycosides include antibiorics
such as streptomycin,

Deoxy Sugars Lack an Oxygen Atom

Deocy sugars are those in which a hydroxyl group has
been replaced by hydrogen. An exmple 15 deoxyribose
{Figu.n: 13-9) in DNA. The I.II:{:II}-' sugar |-fucose I{F'Lgun.-
1315} occurs in E]}'r_'npml'cjn:i: Z—L!::nx}'5|ur_'|:15|: is used
experimentally as an inhibitor of glucose merabolism,

Amino Sugars (Hexosamines] Are
Components of Glycoproteins,
Gangliosides, & Glycosaminoglycans

The amina sugars include D-glucosamine, a constituent
of hyalurenic acid (Figure 13-10), D-galactosamine
(chondrosamine), a constituent of chondroiting and
p-mannosamine. Several antibioties (eg, erythromycin)
contain amino sugars believed o be important for their
anribiotic activiry.

MALTOSE, SUCROSE, & LACTOSE ARE
IMPORTANT DISACCHARIDES

The physiologically important disaccharides are mal-
tose, sucrose, and lactose (Table 13—4; Figure 13-11).
Hydralysis of sucrose yields a mixture of glucose and

HONOH  HFOH

H OH H OH

Figure 13-8. a-p-Glucuronate (left) and
f-L-idurenate (right).

Figure 13-9. 2-Deoxy-o-ribofuranose (B form),

HOCH,

HOWOH  HFOH

H  =NH,

Figure 13-10. Glucosamine {2-amino-o-glucopyra-
nose) (o form). Galactosamine is 2-amino-o-galactopy-
ranose, Both glucosamine and galactosamine occur as
M-acetyl derivatives in more complex carbohydrates,
eq, glycoproteins.



CARBOHYDRATES OF PHYSIOLOGIC SIGNIFICANCE 1 107

Table 13-4, Disaccharides.

Sugar Source Clinical Significance
Maltose | Digestion by amylase or hydrolysis of starch. | )
Germinating cereals and malt.
Lactose | Milk May occurin uring during pregnancy. | In lactase deficiency, malabscrption leads to diarrhea and flatulence.
Sucrose | Cane and beet sugar. Sorghum. Pineapple. | In sucrase deficiency, malabsorption leads to diarrhea and flatulence.

Carrof roots,

Trehalase' | Fungl and yeasts, The major sugar of insect
hemalymph,

' O-o-Glucopyranosyl-{1 — 1)-o-0-glucopyranoside.

fructose which is called “invert sugar” because the
strongly levorotatory fructose changes (inverts) the pre-
vious dextrorotatory action of sucrose.

POLYSACCHARIDES SERVE 5STORAGE
& STRUCTURAL FUNCTIONS

Polysaccharides include the following physiologically
importane carbohydrates.

Starch is & homopolymer of glucose forming an o
glucosidic chain, called a glucosan or gluean. Tt is the
most abundant dievary carbohydrate in cereals, pota-

Figure 13-71.
refer to the configuration at the anomeric carbon atom (asterisk). When
the anomeric carbon of the second residue takes part in the formation
of the glycosidic bond, as in sucrose, the residue becomes a glycoside
known as a furanaside or pyranoside. As the disaccharide no longer has
an anomeric carbon with a free potential aldehyde or ketone group, it
no longer exhibits reducing properties. The configuration of the
p-fructofurancse residue in sucrose results fram turning the [i-fructofu-

toes, legumes, and other vegetables. The two main con-
stituents are amylose {15-20%), which has a non-
branching helical seructure (Figure 13-12); and amy-
lopectin (80-85%), which consists of branched chains
compaosed of 24-30 glucose residues united by 1 — 4
linkages in the chains and by 1 — 6 linkages at the
branch poines.

Glycogen (Figure 13-13) is the storage polysaccha-
ride in animals. It is a more highly branched structure
than amylopectin, with chains of 12-14 @-D-glucopyra-
nose tesidues {in a1 — 4]-glucosidic linkage), with
branching by means of @l — G)-glucosidic bonds.

Laclose

O-f-o-Galactopyranogy-(1 — 4)-f-o-glusopyranase

Structures of important disaccharides, The o and [§

ranose molecule depicted in Figure 13-4 through 180 degrees and in-

O-g-o-Glucopyranosyl(1 — 2}-f-o-fructofuranaside  yerting it
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Figure 13-12. Structure of starch, A: Amylose, showing helical coil structure. B: Amylopectin, showing 1 — 6
branch point.
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Figure 13-13. The glycogen molecule. A: General structure. B: Enlargement of structure at a branch point. The
maolecule is a sphere approximately 21 nm in diameter that can be visualized in electron micrographs. It has a mo-
lecular mass of 10" Da and consists of polysaccharide chains each containing about 13 glucose residues, The
chains are either branched or unbranched and are arranged in 12 concentric layers (only four are shown in the
figure). The branched chains (each has two branches) are found in the inner layers and the unbranched chains

in the outer layer. (G, glycogenin, the primer molecule for glycogen synthesis.)
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Chitin
HOCH, HOCH
o o]
H/H H/H
H‘"“'u, 1 0 4 o4
OH  HSfH OH HJfH
H HH=CO=CH4 H HM=CO=CH 3
N-Agatylglucosaming M-Acatylglucosaming
Hyaluranic acid
HOCH
Gl..‘ -
el
HNCO+CH,
H oA n
f=Glucuronic acid M-Acatylglucosaming
Chondroitin 4-sulfate
{Mote: There is absc a G-sullale)
HOCH,
Gl\.‘ -
el
HNCO+CH,
H oA n
PeGlucurenic acid N-Acetylgalactosaming sulfata
COs0,
o
H/H H
HH"'-D.. ;
oH  H
H NH=30;" H 050, o
Sulfated ghecosamine Sultated iduronic acid

Figure 13-14.

Structure of some complex polysac-

charides and glycosaminoglycans.
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Inulin is 2 polvsaccharide of fructose fand hence a fruc-
tosan) found in tbers and roots of dahlias, artichokes,
and dandelions. It is readily soluble in water and is used
to determine the glomerular filtration rate. Dextrins arc
intermediares in the hydrolvsis of starch. Cellulose is
the chief constituent of the framework of plants. It is in-
soluble and consists of B-D-glucopyranose units linked
by B{l — 4) bonds to form long, straight chains
strengthened by cross-linked hydrogen bonds. Cellulose
cannot be digested by mammals because of the absence
of an enzyme that hydrolyzes the B linkage. It is an im-
portant source of “bulk” in the diet. Microorganisms in
the gur of ruminants and other herbivores can hydrolyze
the [ linkage and ferment the products wo short-chain
fary acids as a major energy source, There is limited
bacterial metabolism of cellulose in the human colon.
Chitin is a structural polysaccharide in the exoskeleron
of crustaceans and insects and also in mushrooms. It
consists of N-acetyl-D-glucosamine units joined by
B (1 — 4)-glycosidic linkages (Figure 13-14).

Glycosaminoglycans  (mucopolysaccharides)  ane
complex carbohydraces characterized by their content
of amino sugars and urenic acids. When these chains
arc attached to a procein molecule, the result is a pro-
teoglycan. Protcoglycans provide the ground or pack-
ing substance of connective tissues. Their property of
holding large quantities of water and occupying space,
thus cushioning or lubricating other strucrures, is due
to the large number of —OH groups and negative
charges on the molecules, which, by repulsion, keep the
carbohydrate chains apart. Examples are hyaluronic
acid, chondroitin sulfate, and heparin (Figurc
13-14).

Glycoproteins (mucoproteins) oceur in many dif-
ferent situations in Huids and dssues, including the cell
membranes (Chaprers 41 and 47). They are proteins

Table 13-5. Carbohydrates foundin
glycoproteins.

Hexoses Mannase {Man)

Galactose (Gal)

Acetyl hexpsamines | N-Acetylglucosamine (GlchAC)
M-Acetylgalactosamine (GalMAc)

Pentoses

Sialic acids

Arabinose (Ara)
Kylase (Xyl)

M=Acyl derivatives of neuraminic acid,
eg, N-acetylneuraminic acid (NewAc; see
Figure 13-16), the predominant sialic
acid.
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Figure 13-15. [--Fucose (6-deoxy-[i-.-galactose).

containing branched or unbranched oligosaccharide
chains (see Table 13-5). The sialic acids are N- or
D-acyl derivatives of newraminie acid (Figure 13-16).
Neuraminic acid is a nine-carbon sugar derived from
mannosamine (an epimer of glucosamine) and pyru-
vate. Sialic acids are constituents of both glyeoproteins

and gangliosides (Chaprers 14 and 47).

CARBOHYDRATES OCCURIN CELL
MEMBRANES & IN LIPOPROTEINS

In addition to the lipid of cell membranes (see Chapters
14 and 417, ap l‘ui'ln‘l.aiu]ilr' 5% is Larhnhjrdmu: in g.[}'m—
prulr_im and glycolipids. Carbohydrates are also present
in apo B of lipoproteins. Their presence on the outer
surface of the plasma membrane (the g[ymml}rx:l has
been shown with the use of plant leetins, protein agglu-
tining that bind with specific glycosyl residues. For
example, concanavalin A binds t-glucosyl and c-man-
nosyl residues. Glyeophorin is a major integral mem-
brane gl}'mpruuﬁn uF human urylhmc:ﬂr_':i and Sprans
the lipid membrane, having free polypeptide portions

OH H

Figure 13-16. Structure of N-acetylneuraminic acid,
a sialic acid {Ac = CHy—CO—.

outside both the external and internal (cvroplasmic)
surfaces, Carbohydrate chains are only atached to the
amino terminal portion outside the external surface
{Chaprer 41).

SUMMARY

= Carbohydrates are major constituents of animal food
and animal tssues. They are characterized by the
type and number of monosaccharide residues in their
molecules.

* (lucose is the most imporrant carbohydrace in mam-
malian biochemistry because nearly all carbohydrare
in food is converted to glucose for metabolism.

= Sugars h:wi: lerge numbers nf steremisomers because
they contain several asymmetric carbon atoms.

* The monossccharides include glucose, the "blood
sugar’; and ribose, an important constituent of nu-
cleatides and nucleic acids.

* The disaccharides include maltose (glucosyl glucose),
an intermediate in the digestion of starch; sucrose
{glucosyl fructose), important as a dietary constituent
containing frucrose; and lacrose (galacrosyl glucose),
in milk.

* Starch and glycogen are storage polymers of glucose
in plants and animals, respectively. Starch is the
major source of energy in the dict,

* Complex carbohydrates contain other sugar deriva-
tives such as amino sugars, uronic acids, and sialic
acids. They include proteoglycans and glycosamino-
glycans, associated with seructural elements of the ts-
sues; and glycoproteins, proteins containing aached
oligosaccharide chains. They are found in many situ-
ations including the cell membrane.
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Lipids of Physiologic Significance

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, D5c

BIOMEDICAL IMPORTANCE

The lipids are a heterogencous group of compounds,
including fats, oils, steroids, waxes, and relared com-
pounds, which are related more by their physical than
by their chemical propertics. They have the common
property of being (1) relatively insoluble in water and
{2) soluble in nonpolar solvents such as cther and
chloroform, They are importane dictary constituents
nat only because of their high encrgy value bur also be-
cause of the far-soluble vitamins and the essenial farry
acids contained in the fat of natural foods. Far is stored
in adipose tissue, where it also serves as a thermal insu-
lator in the subcutancous tissucs and around certain or-
gans, Monpolar [ipids act as electrical insulators, al-
lowing rapid propagation of depolarization waves along
myelinated nerves. Combinations of lipid and protcin
{lipoproteins) arc important cellular constituents, oc-
curring both in the cell membrane and in the miro-
chondria, and serving also as the means of transporting
lipids in the blood. Knowledge of lipid biachemistry is
necessary in understanding many important biomedical
arcas, cg, abesity, diabetes mellitus, atherosclerosis,
and the role of various polyunsaturated farry acids in
nutrition and health,

LIPIDS ARE CLASSIFIED AS SIMPLE
OR COMPLEX

1. Simple lipids: Esters of fatry acids with various al-

cohols.

a.  Fars: Esters of farry acids with glyeerol. Oils
arc fats in the liquid state,

b.  Waxes: Esters of fatty acids with higher mole-

cular weight monohydric aleohols,
1. Complex lipids: Fsters of farty acids conmining
groups in addition to an alcohol and a fatey acid.

2. Phospholipids: Lipids containing, in addition
to farty acids and an alcohol, a phosphoric
acid residue, They frequenty have nitrogen-
coneaining bases and other substituents, eg, in
glycerophospholipids the alcohol s glycerol
and in sphingophosphelipids the alcohol 15
sphingosine,

Gl}rwlipid.; {gl}'l;nsphingﬂlipid-i]: I-i[!!it‘[s
containing a fatty acid, sphingosine, and car-
bohydrate,

c. Other complex lipids: Lipids such as sul-

folipids and aminolipids. Lipoproteins may

also be placed in this category.

3. Precursor and derived lipids: These include facry
acids, glycerol, steroids, other alcohols, farry alde-
hydes, and ketone bodies (Chaprer 22), hydrocar-

bons, lipid-soluble viramins, and hormones.

Because they are uncharged, acylglycerols (glyve-
erides), cholesterol, and cholesteryl esters are termed
neutral lipids.

FATTY ACIDS ARE ALIPHATIC
CARBOXYLIC ACIDS

Fatty acide occur mainly as esters in narural fats and oils
but do eccur in the unesterified form as free facty
acids, a transport form found in the plasma. Fawy acids
that occur in natural fats are usually straighe-chain de-
tivatives containing an even number of carbon atoms.
The chain may be saturated (contining no double
bonds) or unsaturated (containing one or more double

bonds).

Fatty Acids Are Named After
Corresponding Hydrocarbons

The most frequenty wsed systematic nomenclature
names the fatty acid after the hydrocarbon with the
same number and arrangement of carbon atoms, with
-oic being substituced for the final -e (Genevan sys-
tem), Thus, saturated acids end in -aneic, cg, octanoic
acid, and unsaturated acids with double bonds end in
-enoic, ¢g, octadecenoic acid (oleic acid),

Carbon atoms are numbered from the carboxy] car-
bon (carbon No. 1), The carbon atoms adjacent to the
carboxyl carbon (Nos, 2, 3, and 4) arc also known as
the @, P, and ¥ carbons, respecuvely. and the terminal
methyl carbon is known as the o ar n-carbon.

Various conventions use A for indicating the num-
ber and position of the double bonds (Figure 14-1); eg,
A" indicates a double bond berween carbons 9 and 10
af the fary acid; @9 indicares a double bond on the
ninth carbon counting from the w- carbon, In animals,
addinional double bonds arc introduced only between
the existing double bond (eg, w9, w6, or w3) and the
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18:1;9 of A7 181
18 o o 1
CHZ(CHL)-EH = CH(CH,),CO0H
ar
w3, C18:1 or -8, 181
in 2 3 4 L i T n L 1w m
CH,CH,CH,CH, CH.CH,CH,CH,CH = CHICH,), CO0H
] ¥ g ] ]
Figure 14-1.
lent to ma.

Oleic acid, n — 9 (n minus 9) is equiva-

carboxyl carbon, leading to three series of farty acids
known as the 0%, 06, and w3 familics, respectively.

Saturated Fatty Acids Contain
Mo Double Bonds

Saturated farry acids may be envisaged as based on
acetic acid (CH,—COOH) as the first member of the
series in which —CH.— is progressively added be-
wween the terminal CHy— and —COOH groups, Ex-
amples are shown in Table 14-1. Other higher mem-
bers of the scrics are known to occur, particularly in
waxes. A few branched-chain farty acids have also been
isolated from both plant and animal sources,

Table 14-1. Saturated fatty acids.

Common | Number of
Name C Atoms

Acetic 2 Major end product of carbohy-
drate fermentation by rumen
organisms'

Propionic 3 Anend product of carbohydrate
fermentation by rumen
arganisms'

Butyric 4 In certain fats in small amounts
'; -I- e ','j“ 1 [especially butter). An end product
_PEENE 2 lof carbohydrate fermentation by

Caproic 6 rumen organisms’

Lauric 12 Spermaceti, cinmaman, palm ker-
nel, coconut oils, laurels, butter

Myristic 14 Mutmeg, palm kernel, coconut oils,
myrtles, butter

Palmitic 16 Common in all animal and plant

Stearic 18 Taty

Also formed in the cecum of herbivores and to a lesser extent in
the calon of humans.

Unsaturated Fatty Acids Contain One
or More Double Bonds
(Table 14-2)

F:l!.l].r acids ey b FIJ:I'IJ"H..':I’ SLJ]JI:].i.'L'i.-IJEII as ru“uws:

(1) Monounsaturated {monocthenoid, monocnoic)
acids, containing one double bond.

2] Polyunsaturated I[Fn[}ri:rh:nnl:]. P:J]:,'::nnjc]
acids, containing two or more double bonds.

(3) Eicosanoids: These compounds, derived from
eicosa= (20-carbon) polyencic farey acids, coms-
prise the pmstn.nm'c{: leukotrienes {LTs), and
lipoxins ([Xs). Prostancids include prosta-

glandins (PGs), prostacydins (PGIs), and
thromboxanes {TXs).

Prostaglandins cxist in virmoally every mammalian
rissue, acting as local hormones; they have important
physiologie and pharmacologic activities, They are syn-
thesized in vivo by cyclization of the center of the car-
bon chain of 20-carbon (cicosanoic) polyunsaturated
fatty acids (g, arachidonic acid) to form a cyclopentane
ring (Figure 14-2), A related series of compounds, the
thromboxanes, have the cyclopentane ring interrupted
with an oxygen atom (oxane ring) (Figure 14-3). Three
different cicosanoic farty acids give rise ro three groups
af cicosanoids characterized by the number of double
bonds in the side chains, eg, PG|, PG, PG, Different
substituent groups artached o the rings give rise 1o se-
ries of prostaglandins and thromboxanes, labeled A, B,
ete—eg, the “E" type of prostaglandin {as in PGE,) has
a keto group in position 9, whereas the “F” rype has a
hydroweyl group in this position. The leakotrienes and
lipoxins arc a third group of cicosanoid derivatives
formed via the lipoxygenase pathway {Figure 14-4).
They are characterized by the presence of three or four
conjugated  double bonds, respecovely. Leukotriencs
cause bronchoconstriction as well as being potent
proinflammatory agents and play a pare in asthma.

Most Naturally Occurring Unsaturated
Fatty Acids Have cis Double Bonds

The carbon chains of saturaced faoy acids form a zigzag
pattern when extended, as at low temperatures, At
higher temperatures, some bonds rotare, causing chain
shortening, which explains why biomembranes become
thinner with increases in temperatre. A type of geo-
mctric isomerism occurs in unsaturated fatty acids, de-
pending on the orientavon of atoms or groups around
the axes of double bonds, which do not allow rotation.
IF the acyl chains are on the same side of the bond, it
15 ifs-, as in oleic acid; if on opposite sides, it is frams-, as
in claidic acd, the traws isomer of oleic acid (Fig-
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Table 14-2. Unsaturated fatty acids of physiologic and nutritional significance,

Number of C
Atoms and Number
and Position of Common
Double Bonds Family] Name Systematic Nama Cecurrence
Monoenoic acids (one double bond)
16:1;9 w? | Palmitoleic | cis-9-Hexadecenoic In nearly all fats.
18:1:9 wd | Oleic cis-9-Octadecenoic i Possibly the most commaon fatty acid in
i | natural fats,
18:1:9 1 w8 | Elaidic trans-9-Octadecenolc ll Hydragenated and ruminant fats.
Dienoic acids {two double bonds)
18:2,9.12 : inf i Linalele : all-cis-8,12-Octadecadienaic : Comn, peanut, cottonsead, soybean,
! i ! iand many plant oils,
Trienoic acids (three double bonds)
18:36,9,12 i wh | y-Linolenic | all-cis-6,9,1 2-Octadecatriencic E'Snme plants, eq, oil of evening prim-
! | rose, borage ofl; minor fatty acid in
| | animals.
18:3,91215 w3 oeLinolenic | all-cis-9,12,15-Octadecatriencie | Frequently found with linoleic acid but
i ! | particu larly in linseed oil,
Tetraenoic acids (four double bonds)
20:4;5,8,11,14 | w6 | Arachidonic all-cr5-5,8,11,V4-Eicosatetragnoic ! Found in animal fats and in peanut oil;

Himportant component of phospho-
i lipids in animals,

Pentaenoic acids (five double bonds)

B T T s T T e T

0:55811,0417 | w3

Timnadonic | all-cis-5,8,11,14,17-Eicosapentaenaic

| Impartant companent of fish ails, eg,
! cod liver, mackerel, menhaden, salmon
i ails,

_________________ Yt s e s e S
Hexaenoic acids [six double bonds)

22:6:471013,1619 | w3 |Cervonic

i all-eis-4,7,10,13,16,19-Docosahexaenoic : Fish oils, phospholipids in brain,

ure 14-5), Marurally occurring unsaturated long-chain
fatry acids are nearly all of the ¢iv configuration, the
molecules being “bent™ 120 degrees ar the double
bond. Thus, oleic acid has an L shape, whereas claidic
acid remains "straight.” Increase in the number of ofs
double bonds in a farry acid leads o a variery of possi-
ble spatial configurations of the molecule—eg, arachi-
donic acid, with four ¢fr double bonds, has “kinks” or a

o
s B
» -
k1)
=
OH OH

Figure 14-2. Prostaglandin E; {(PGE,).

LI shape. This has profound significance on molecular
acking in membranes and on the positions occupied
y farry acids in more complex molecules such as phos-

pholipids. Trans double bonds aler these sparial rela-

tionships. Trans farry acids are present in certain foods,
arising as a by-product of the sarurarion of Farry acids
during hydrogenation, or “hardening,” of natural oils
in the manufacture of margarine. An additional small

o

i
OH

Figure 14-3. Thromboxane A, (TXA,).
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Figure 14-4.

Leukotriene A, (LTAL).

contribution comes from the ingestion of ruminane fas
that contains frans Facoy acids arising from the action of
microarganisms in the rumen.

Physical and Physiologic Properties
of Fatty Acids Reflect Chain Length
and Degree of Unsaturation

The melting points of even-numbered-carbon fatty
acids increase with chain lengrh and decrease according
o unsaruration. & wriscylghycerol containing three sau-
rated fatty acids of 12 carbons or more is solid ar body
temperature, whereas if the fatty acid residues are 18:2,
it is liquid to below O "C. In pracrice, narural acylglyc-
crols contain a mixture of fary acids ilored w suit
their functional roles. The membrane lipads, which
must be fluid ar all environmental temperatures, are

CH, CH,
Trans form
{elaidic acid)
e

1209

gr‘”

| Cls farm 1

| {obeic acid) c

\ z “-H

1

Coo™

Figure 14-5. Geometric isomerism of A%, 18:1 fatty
acids (oleic and elaidic acids).

mare unsaturated than storage lipids, Lipids in tissues
that are subject to cooling, eg, in hibernators or in the
extremities of animals, are more unsaturated.

TRIACYLGLYCEROLS (TRIGLYCERIDES)*
ARE THE MAIN STORAGE FORMS OF
FATTY ACIDS

The criacylglycerols (Figure 14-6) are esters of the tri-
hydric alcohol glyeerol and fatty acds. Mono- and di-
acylglyeerols wherein ane or two fatty acids are eseeri-
fied with glycerol are also found in the tissues. These
are of particular significance in the synthesis and hy-
drolysis of tracylglycerals,

Carbons 1 & 3 of Glycerol Are
Not Identical

To number the carbon atoms of glycerol unambigu-
ously, the -sm- (stereochemical numbering) system is
used, It is important to realize thar carbons 1| and 3 of
glycerol are not identical when viewed in three dimen-
sions (shown as a projection formula in Figure 14-7).
Enzymes readily discinguish berween them and are
nearly always specific for one or the other carbon; eg,
glyceral is always phosphorylated on s-3 by glycerol
kinase to give glycerol 3-phosphate and not glycerol

1-phosphare.

PHOSPHOLIPIDS ARE THE MAIN LIPID
CONSTITUENTS OF MEMBRANES

Phusphulipids may be rcgardml as dr_'ri.'.'atil.':.'s :Jf plms—-
phatidic acid (Figure 14-8), in which the phosphare is
esterified with the —OH of a suitable alcohal, Phos-
phatidic acid is important as an intermediate in the syn-
lhl:sis u:r ll‘iax.':rlgl}-'l:.‘l.‘i‘u'::-i as W::]J as phu&p]"mgl}'c::l‘uh l'.lul
is not found in any greae quantity in tissues.

Phosphatidylcholines (Lecithins)
Occur in Cell Membranes

Phaosphoacylglycerols conraining choline (Figure 14-8)
are the most abundant phospholipids of the cell mem-

* According o the standardized rerminology of the International
Urnon of Pure and Applied Chemissry {(ILPAC) and rhe Inrema-
monal Unien of Biochemisory (IUB}, the monoglveendes, diglye-
erides, and rrighreerides should be designared moneacyiglycerals,
duacylglycemls, and macrglycernls, respecrvely. However, the
alder rerminalogy 15 stll widehy used, parmiculary in clinical meds-
cing
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Figure 14-6. Triacylglycerol.

brane and represent a large proportion of the body's
store {:r chaline. C|1.u“n|: is 'Lmlmrian.l IR Nervous trans-
mission, as acetylcholine, and as a store of labile methyl
groups. Dipalmitoyl lecithin is a very effective surface-
active agent and a major constituent of the surfactant
IJEI‘."L"{'.‘I'ILi.I'lE udl‘i:]‘rnn:. due to surface lrnxiun.. af the
inner surfaces of the lungs. Tis absence from the lungs
of premature infants causes respiratory distress syn-
drome. Most phnsp]u:l]lpid.-. have a saturated acyl radi-
cal in the -1 F:-:J.*.'Ll'luh burt an unsaturated radieal in L|'u:
m-2 position of glycerol.
Phosphatidylethanolamine {n::pl:a]in} and phos-
hatidylserine ifound in most ossues) differ from
phosphatidylcheline only in that ethanolamine or ser-
ine, respectively, replaces choline (Figure 14-48).

Phosphatidylinositol Is a Precursor
of Second Messengers

The inositol is present in phosphatidylinesitol as the
stereoisomer, myoinositol (Figure 14-8), Pl:msphau'-
dylinositol 4,5-bisphosphate is an imporant con-
stitwent of cell membrane phospholipids; upon simula-
tion by a suitable hormone agonist, it is cleaved into

diacylglycerol and inositel trisphosphate, both of

which act as internal signals or second messengers.

Cardiolipin Is a Major Lipid
of Mitochondrial Membranes

Phosphatidic acid is a precursor of phosphatidylglyc-
erol which, in turn, gives rise o cardiolipin (Figure
14-8).

HyC—0—GC—R,
|

I !
HE—E—GLZE: ..-‘H
|
i o
3 il
H,c—0—C—H;

Figure 14-7. Triacyl-sn-glycerol.
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P
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E H—C—0OH nr'h: H—C—O0—C—R,
—— CH; Ri—C—0O—CHg
L% - "
Phosphatidylglyceral

Figure 14-8. Phosphatidic acid and its derivatives.
The O shown shaded in phosphatidic acid is substi-
tuted by the substituents shown to form in (A) 3-phos-
phatidylcholing, (B) 3-phosphatidylethanolamine,

(C) 3-phosphatidylsering, (D) 3-phosphatidylinesitel,
and (E) cardiolipin {diphosphatidylglyceral).
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Lysophospholipids Are Intermediates in
the Metabolism of Phosphoglycerols

These are phosphoacylglycerols containing only one
acyl radical, eg, lysophosphatidylcholine (lysoleci-
thin}, important in the mewbolism and interconver-
sion of phospholipids (Figure 14-9).1t is also found in
oxidized lipoproteins and has been implicated in some
of their effects in promoting atherosclerosis,

Plasmalogens Occur in Brain & Muscle

These compounds constitute as much as 10% of the
phospholipids of brain and muscle, Stucrurally, the
plasmalogens resemble phosphandylethanolamine bur
possess an ether link on the s-1 carbon instead of the
ester link found in acylghycerols. Typically, the alkyl
radical is an unsarurated alcohol (Figure 14-10). In
some instances, choline, serine, or inositol may be sub-
stitured for ethanolamine,

Sphingomyelins Are Found
in the Nervous System

Sphingomyelins are found in large quandities in brain
and nerve dssue. On hydrolysis, the sphingomyelins
yield a farry acid, phosphoric acid, choline, and a com-
plex amino alcohol, sphingesine (Figure 14-11). No
glyceral is present. The combination of sphingosine
plus farty acid is known as ceramide, a structure also

tound in the glycosphingolipids (see below).

GLYCOLIPIDS (GLYCOSPHINGOLIPIDS)
ARE IMPORTANT IN NERVE TISSUES
& IN THE CELL MEMBRANE

Glycolipids are widely distributed in overy tissue of the
body, particularly in nervous tissuc such as brain. They
occur particularly i the outer leaflet of the plasma
membrane, where they conmibute 1o cell surface car-
bohydrates,

The major glycolipids found in animal nssues arc
ghrcosphingolipids, They contain ceramide and one or
more sugars. Galactosyleeramide 15 a major glyco-

{l:la
'CcHy,—0—C—R
HO — BH: o
i A
"cra_, o—F— m—ﬂ-ﬁ,—iﬂ:&:—l‘{\‘ﬁﬁ
I
o CHy
L o
I‘.H-rellne

Figure 14-9. Lysophosphatidylcholine (lysalecithin).

0 'CHE=0=CH=CH—R,
nz—-ql.!.——o-—?éﬂ 0
O
o Ll
Ethanalamine
Figure 14-10. Plasmalogen.

sphingolipid of brain and other nervous ussue, found in
relacively low amounts clsewhere, It contains a number
of characteristic Cy; fatty acids, eg, cercbronic acid.
Galactosylceramide (Figure 14-12) can be converred to
sulfogalacrosylceramide  (sulfatide), present in high
amounts in myclin, Glucosvleeramide is the predomi-
nant simple glycosphingolipid of extrancural tissues,
also occurring in the brain in small amounts, Ganglio-
sides arc complex glycosphingolipids derived from glu-
cosyleceramide that contain in addition one or more
molecules of a sialic acid. Neuraminic acid (NeuAc:
see Chaprer 13) is the principal sialic acid found in
human tssucs, Gangliosides are also present in nervous
tissues in high concentration. They appear to have re-
cepror and other funcrions. The simplest ganglioside
found in tissues is Gyyy, which contains ceramide, one
malecule of glucose, one molecule of galactose, and one
molecule of NeuAc, In the shorthand nomenclature
used, G represents ganglioside; M 15 a monosialo-
containing species; and the subscripe 3 is a number as-
signed on the basis of chromarographic migration, Gy,
{Figure 14-13), a more complex ganglioside derived
from Gyys. is of considerable biologic interest, as it is
known to be the recepror in human intestine for
cholera toxin, Other gangliosides can contain anywhere
from one to five molecules of sialic acid, giving rise to
di-, trisialogangliosides, src.

Ceramide
£ Sphingosine s
A
' b
OH o
[ HOI
—{CHy}z —CH=CH—CH—CH—N—C—R

| ;v_ll
I:E:Hg Falty acid

Phesphoric unl:l{ ?
o= I; —0°

10— GHy — GH; —NIGH),

L, )

~
Chaline

Figure 14-11. A sphingomyelin.
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Ceramide
A,
L k]
Sphingesine
A,
r )
OH o
| HOl
CH,—(CH. ) ;— CH = EH—CH—CH—N— € — CH{OH) — (CH, ).y — CH,
LS A
¥
CH,0OH Fatty acid
o {eq, cerebronlc acid)
HO H
Galactose 0—CH,
Figure 14-12. Structure of galactosylcer- i vl e
amide (galactocerebroside, R = H), and sul- 3
fogalactosylceramide (a sulfatide, R = 50,7, H  GOH

STEROIDS PLAY MANY
PHYSIOLOGICALLY IMPORTANT ROLES

Cholesterol is probably the best known steroid because
al its association with atherosclerosis. However, bio-
chemically it is also of significance because it 1s the pre-
cursor of a large number of equally important steroids
that include the bile acids, adrenocortical hormones,
sex hormones, I vitamins, cardiac glycosides, sitos-
terols of the plant kingdom, and some alkaloids.

All of the steroids have a similar cyelic nucleus re-
sembling phenanthrene (rings A, B, and C) o which a
cyclopentane ring (I is attached. The carbon positians
an the steroid nucleus are numbered as shown in Figure
14-14. It is important to realize that in structural for-
mulas of steroids, a simple hexagonal ring denotes a
completely saturated six-carbon ring with all valences
satishied by hydrogen bonds unless shown otherwise; ie,
it is mot a benzene ring, All double bonds are shown as
such. Methyl side chains are shown as single bonds un-
attached at the farther (methyl) end. These oceur typi-
cally at ptu'iiticrns 10 and 13 (c::nxtituling C atoms 19
and 18}, A side chain at position 17 is usual (as in cho-
lesteral). It the compound has one or more hydroxyl

Ceramlde — Glucose — Galactose —MN-Acetylgalactosamine
{Acyl-

sphango-
sine) MNeuAc Galactose
af
Cer — Gie — Gal — Gall Ao — Gal
Meulc

Figure 14-13. G, ganglioside, a monosialoganglio-
side, the receptor in human intestine for cholera toxin.

groups and no carbonyl or carboxyl groups, it is a
sterol, and the name terminates in -ol.

Because of Asymmetry in the Steroid
Molecule, Many Sterecisomers
Are Possible

Each of the six-carbon rings of the sterotd nuelews 15 ca-
pable of existing in the three-dimensional conformarion
either of a “chair” ar a “hoat” I:Flgurc 1415}, In natu-
rally oecurring steroids, virtually all the rings are in the
“chair” form, which 15 the more stable conformation.
With respect to each other, the rings can be either cir or
trans {Flgun: 14-16). The junction between the A and
B rngs can be cr or frams in naturally occurring
steroids. That between B and C 15 trans, as is usually the
C/D junction. Bonds attaching substituent groups
above the plane of the rings ([} bonds) are shown with
bold solid lines, whereas chose bonds attaching groups
below (0t bonds) are indicated with broken lines. The A
ring of a 50 steroid is always mams to the B ring,
whereas it is ar in a 5[ steroid. The methyl groups ar-
tached to C, and C,; are invariably in the i configura-
tion,

Figure 14=14. The steroid nucleus,
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“Boat” form

Figure 14-15. Confarmations of stereolsomers of
the steroid nucleus.

Cholesterol Is a Significant Constituent
of Many Tissues

Cholesterol (Figure 14-17) is widely diseributed in all
cells of the body but particularly in nervous tissue. It is
a major constituent of the plasma membrane and of
plasma lipoproteins. It is often found as cholesteryl
ester, where the hydroxyl group on position 3 is esteri-
fied with a long-chain Ly acid. It oceurs in animals
but not in plants,

Ergosterol Is a Precursor of Vitamin D

Ergosterol occurs in planes and yease and is importane
as a precursor of vitamin D (Figure 14-18). When irra-
disted with uleeavioler lighe, it acquires antirachitic
propertics consequent Lo the opening of ring B,

Polyprenoids Share the Same Parent
Compound as Cholesterol

Although not steroids, these compounds are related be-
cause they are synthesized, like cholesterol (Figure
26-2), from five-carbon isoprenc units (Figure 14-19),
They include ubiquinone (Chapter 12), a member of
the respiratory chain in mitochondria, and the long-

chain alcohol dolichel (Figure 14-20), which tkes
part in glycaprotein synthesis by transferring carbohy-
drate residues to asparagine residues of the Fﬂ[}"PE’]‘jl‘idE
(Chaprer 47). Plant-derived isoprenoid compounds in-
clude rubber, camphar, the facsoluble viamins A, [,
E, and K, and B-carotenc {(provitamin A).

LIPID PEROXIDATION IS A SOURCE
OF FREE RADICALS

Peroxidation (auto-oxidation) of lipids exposed w
oxygen is responsible not only for deterioration of foods
{rancidity} EIJL also for damage to dssues in vivo,
where it may be a cause of cancer, inflammarory dis-
cases, atherosclerosis, and aging. The deleterious effects
are considered to be caused by free radicals (ROO",
RO", OH") produced during peroxide formartion from
farry acids containing methylene-interrupted double
bonds, ie, those found in the mawrally occurring
polyunsaturated farry acids (Figure 14-21). Lipid per-
oxidation is a chain reaction providing a continuous
supply of free radicals char inidace further peroxidation.
The whole process can be depicted as follows:
(1) Iniciation:

ROOH -+ Metal™ _s ROO" 4 Metal™ " 1. H*
¥*+RH R +XH

(2) Propagarion:

R*+0; —ROO"
ROG" +RH — ROOH-R®, etc

ar

Figure 14-16. Generallzed steroid nucleus, showing (A) an all-trans configuration be-
tween adjacent rings and (B) a cis configuration between rings A and B.
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Figure 14-17. Cholesterol, 3-hydroxy-5.6-
cholestene.

(3) Termination:

ROO" +ROO" — ROOR+0,
ROD® +R® = ROOR
R' +R* —RR

Since the molecular precursor for the initiation
process is generally the hydroperoxide product ROOH,
lipid peroxidation is a chain reaction with porencially
devastating effects. To control and reduce lipid peroxi-
dation, both humans in their activities and narure in-
voke the use of antioxidants. Propyl gallate, burylated
hydroxvanisole (BHA}, and burlated hydroxytoluene
{BHT) are antioxidants used as food additives. Natu-
rally occurring antioxidants include vitamin E {tocoph-
crol), which is lipid-soluble, and urare and vitamin C,
which are water-soluble. Beta-carotene is an antioxidant
at low Po,. Antoxidant fall into two classes: (1) pre-
ventive antioxidanes, which reduce the rate of chain ini-
tiation; and (2) chain-breaking antioxidants, which in-
terfere with chain propagation. Preventive antioxidants
include catalase and other peroxidases that react with
ROOH and chelators of metal ions such as EDTA
{ethylencdiamineterraacerare) and DTPA (diethylene-
triaminepentaacetace). In vivo, the principal chain-
breaking antioxidants are superoxide dismurase, which
acts in the agqueous phase o trap superoxide free radi-
cals {0,*); perhaps wrate; and vitamin E, which acts in
the lipid phase to trap ROO" radicals {Figure 45-6).

HO

Figure 14-18.

Ergosterol.
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0
—CH=C—CH=CH—

Figure 14-19. Isoptens unit.

Peroxidation is alse catalyzed in vivo by heme com-
lmuuds and by lip nases found in platelets and
eukocytes. Other products of auto-oxidation or en-
zymic oxidation of physiologic significance include
oxysterols (formed from cholesterol) and isoprostanes
{prostanoids).

AMPHIPATHIC LIPIDS SELF-ORIENT
AT OIL:WATER INTERFACES

They Form Membranes, Micelles,
Liposomes, & Emulsions

In general, lipids are insoluble in water since they
contain a predominance of nonpolar (hydrocarban)
groups. However, [y acids, phospholipids, sphin-
golipids, bile salts, and, to a lesser extent, cholesterol
contain polar groups. Therefore, part of the molecule is
hydrophobic, or water-insoluble; and part is hydro-
philie, or water-soluble. Such molecules ure described
as amphipathie (Figure 14-22). They become otiented
at oil:water interfaces with the polar group in the water
!Jh.-:_qe and the nonpolar group in the oil phase. A bi-
ayer of such amphipathic lipids has been regarded as a
basic structure in biologic membranes (Chaprer 41).
When a eritical concentration of these lipids is present
in an aqueous medium, they form micelles. Aggrega-
tions of bile salts into micelles and liposomes and the
formation of mixed micelles with the products of far di-
gestion are important in facilitating sbsorprion of lipids
irom the intestine. Liposomes may be formed by soni-
cating an amphipathic lipid in an aqueous medium.
They consist of spheres ol lipid bilayers thar enclose
part of the aqueous medium. They are of potential clin-
ical use—particularly when combined with rissue-
specific antibodies—as carriers of drugs in the circula-
tion, targeted o specific organs, efg. in cancer therapy.
In addition, they are being used for gene transfer into
vascular cells and as carriers for topical and wansdermal

CH,OH

(1]

Figure 14-20. Dolichol—a C,, alcohal.
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HH Fe He R
Xe MH " H O—0e
-
[ ]

AH

oo H DOH
M i \ s '\ﬁ : S +Ae

H H
Malondialdehyde Endoperoxide Hydroperoxide
ROOH

Figure 14-21. Lipid peroxidation. The reaction is initiated by an existing free radical (%7, by light, or by
metal ions. Malondialdehyde is only formed by fatty acids with three or more double bonds and is used as a
measure of lipid peroxidation together with ethane from the terminal two carbons of w3 fatty acids and pen-
tane from the terminal five carbons of wé fatty acids,

AMPHIPATHIC LIPID

A
O Palar or
T r hydrophilic groups
e
Monpolar of
fydrophobic groups Agueous phase
AU il
fqu r;.l::.f);nas Agqueous phase “ONF ar
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“ON" or nonpolar phase
[
Aqueous phase | —
LIPID BILAYER MICELLE OIL INWATER EMULSION
B c u]

AgQUeous Lipid
comparimeanis bileyers
LIPOSOME LIPOSOME
{UNILAMELLAR) (MULTILAMELLAR)
E F

Figure 14-22, Formation of lipid membranes, micelles, emulsions, and liposomes from am-
phipathic lipids, eq, phospholipids.



delivery of drugs and cosmetics. Emulsions are much
larger particles, formed usually by nonpolar lipids in an
aqueous medium. These are stabilized by emulsifyin
agents such as amphipathic lipids (eg. lecithin), whicE
form a surface layer separating the main bulk of the
nonpolar material from the aqueous phase (Figure
14-22).

SUMMARY

* Lipids have the common property of being relatively
insoluble in water (hydrophobic) but saluble in non-
polar solvents. Amphipathic lipids also conrain one
or more polar groups, making them suitable as con-
stituents of membranes at lipid:water interfaces,

o T['“.' |Ill}i,|'jj- Qr muiur Fh}r}iiﬂ‘lﬂgiﬂ Ei.gniﬁfﬂnl:ﬂ are r.'l.LI!}'
::-ll:i.d_i and thflir eslers, l[]g'l:tl'ﬂ:l Wi:lh Ehﬂ]ﬂlr:rnl Erld
ather sterpids,

* Long-chain farry acids may be sarurared, monounsar-
urated, or polyunsaurated, according to the number
of double bonds present. Their fuidiny decreases
with chain length and increases according to degree
of unsaturation.

* Eicosanoids are formed from 20-carbon polyunsaru-
rated fary acids and make up an important group of
physiologically and pharmacologically active com-
pounds known as prostaglandins, thromboxanes,
leukotrienes, and lipoxins.

* The esters urgl}-::fol are qu.mutatwch the most ng-
nificant ]lpl.ds. represented by lrJ:LL].rlgl}fcrru] (“far”).
d I.'n.llul‘ EH‘HS[“U:L'". nr llpﬂFl’[]l:jni ..ll'l'l'] |J'": itﬂlﬂ.gt
i—I:Jrrrl ﬂr I!I]Jid. !Il'l adiP[]!'f !IL*S'LH:. Fthh[ﬁaC_‘r’lgl:r’Eﬂﬂllﬁ
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arc amphipathic lipids and have important roles—as
major constituents of membranes and the outer laver
of lipoproteins, as surfactant in the lung, as precur-
sors of sccond messengers, and as constituents of ner-
vous tissue,

* Glycolipids are also important constituents of ner-
vous tissue such as brain and the outer leafler of the
cell membrane, where they conuibute 1o the carbo-
hydrates on the cell surface.

* Chaolesterol, an amphipachic lipid, is an imporant
component of membranes. It is the parent molecule
from which all other steroids in the body, including
major hormones such as the adrenocortical and sex
hormones, [ vitamins, and bile acids, are synthe-
sized.

= Peroxidation of lipids containing polyunsaturated
fatty acids leads to generation of free radicals that
may damage tssues and cause discase.
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Overview of Metabolism

Peter A. Mayes, PhD, D5c, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

The fute of dietary components after digestion and ahb-
sorprion constitutes metabolism—the metabolic path-
ways taken by individual molecules, their interrelation-
:ih'lp.»;, ;md the rnﬂ:hani_l;ms t]'L:lt rc:gulut: t]'L: ﬂnw nf
metabolites through the pathways. Metabolic pathways
fall into three categories: (1) Anabolic pathways are
those involved in the synthesis nf compounds, [rotein
wnrhr.ﬂl. 15 1uL|‘| a P.Jthwax as 15 rhf 5y ntl'u-_l.n af Il'-i.lfl.
reserves of riacylglycerol and glycogen. ‘Anabolic plth-
ways are endergonic. (2) Catabolic pathways are in-
volved in the breakdown of larger molecules, com-
manly invalving oxidative reactions; they are exergonic,
producing reducing equivalents and, mainly via the res-
pimmr}' chain, ATP. (3} ﬁmphibﬁlic pa.thways occur
at the “crossroads™ of metabolism, acting as links be-
rween the anabalic and catabolic pathways, eg, the cie-
ric acid cycle.

A knowledge of normal metabolism is essenal for
an understanding of abnormalities underlying disease.
Normal metabalism includes adapration to periods of
starvation, exercise. pregnancy, and lactation. Abnor-
mal metabolism may result from nueritional deficiency,
enzyme deficiency, shnormal secretion of hormanes, or
the actions of drugs and toxins, An important example
of a metsholic disease 15 diabetes mellitus.

PATHWAYS THAT PROCESS THE MAJOR
PRODUCTS OF DIGESTION

The nature of the diet sets the basic pattern of metabo-
lism. There is a need to process the produces of diges-
tion of dietary carbohydrare, lipid, and protein. These
are mainly glucose, farty acids and glyceral, and amino
acids, respectively. In ruminants {and ro a lesser extent
in other herbivores), dietary cellulose is fermented by
symbiotic microorganisms to short-chain farry acids
{acetic, propionic, buryric), and metabolism in these
animals is adapred to use these farry acids as major sub-
strates. All the products of digestion are merabolized to
a common product, acetyl-CoA, which is then oxi-
dized by the citric acid cycle (Figure 15<1).
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Carbohydrate Metabolism Is Centered
on the Provision & Fate of Glucose
(Figure 15-2)

Glucose is membolized to pyruvare by the pathway of
glycolysis, which can occur anacrobically {in the ab-

sence of oxygen). when the end product is lactare. Aero-

bic tissues merabolize pyruvare o acetyl-CoA, which
can cneer the citric acid cycle for complere oxidarion
to OO, and HyO, linked o the formaton of ATP
in the process of oxidative phosphorylation (Figure
16~2). Glucosc is the major fuel of most assues,

Carbohydrate Protein Fat

= = = Digestlon and abgorption = = =

— = Catabollsm —

2H —= ATP

2c0o;

Figure 15-1. OCutline of the pathways for the catab-
olism of dietary carbohydrate, protein, and fat. All the
pathways lead to the production of acetyl-CoA, which is
oxidized in the citric acid cycle, ultimately yielding ATP
in the process of oxidative phosphorylation.
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Figure 15-2. Overview of carbohydrate metabolism
showing the major pathways and end products. Gluco-
neogenesis is not shown.

Glucose and its metabolites also take part in other
processes, Examples: (1) Conversion to the storage
polymer glycogen in skeletal muscle and liver. (2) The
pentose phosphate pmhw“y, an alternative to part of
the pathway of glycolysis. is a source of reducing L:.luw-
alents (NADPH) for biosynthesis and the source of n-
bose for nucleotide and nucleic acid  synthesis.
{3) Triose phosphate gives rise o the glycerol moiety
of triacylglycerols. (4) Pyruvate and intermediates of
the citric acid cycle provide the carbon skeletons for
the synthesis of amine acids; and acervl-CoA, the pre-
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cursor of fatty acids and cholesterol (and hence of all
sterodds synthesized in the body). Gluconcogenesis is
the process of forming glucose from noncarbohydrate
precursors, of, lactare, amino acids, and glveeral.

Lipid Metabolism Is Concerned Mainly
With Fatty Acids & Cholesterol
(Figure 15-3)

The source of long-chain farty acids is either dietary
lipid or de novo synthesis from aceryl-Cod derived from
carbohydrate. Farry acids may be oxidized o acetyl-
CoA (P-oxidation) or esterified with glycerol, forming
triacylglycerol (far) as the body's main fuel reserve.

Aceryl-CoA formed by Poxidation may undergo
several fates:

(1} As with aceryl-CoA arising from glycolysis, it is
oxidized o CC, + H,O via the citric acid cycle.

Faity acids
&
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£ ":,t' olys ]
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Ketone
bodies

Citriz

acid

cycle
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Figure 15-3. Overview of fatty acid metabolism
showing the major pathways and end products. Ketone
badies comprise the substances acetoacetate, 3-hy-
droxybutyrate, and acetone.
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(2} It s the precursor for synthesis of cholesterol and
[]tl'l cr itﬂmid.i..

i(3) In the liver, it forms ketone bodies (acetone, ace-
toacetate, and 3-hydrosyburyrare) thar are impor-
rane fuels in prolonged starvation.

Much of Amino Acid Metabolism
Involves Transamination
(Figure 15-4)

The amine acids arc required for protein synthesis,
Some must be supplicd in the dict (the essential amino
acids) since they cannot be synthesized in the body,
The remainder arc nonessential amine acids thar arc
supplicd in the dice bur can be formed from metabalic
intermediaces by transamination, using the amino ni-
wagen from other amino acids. After deamination,
amino nitrogen is cxcreted as wrea, and the carbon
skelcrons thar remain after transamination (1) are oxi-
dized to CO, via the citric acid cycle, (2) form glucose
(gluconcogencsis), or (3) form ketone bodics,

Several amino acids arc also the precursors of other
compounds, ¢g, purines, pyrimidines, hormones such
as epinephrine and thyroxine, and neurotransmirters.

METABOLIC PATHWAYS MAY BE
STUDIED AT DIFFERENT LEVELS
OF ORGANIZATION

In addition to studies in the whole organism, the loca-
tion and integration of merabolic pathways is revealed
by studies at several levels of organization. At the tissue
and organ level, the nature of the substrares encering
and metabolites leaving tissues and argans is defined. Ar
the subeellular level, cach cell arganelle {eg, the mito-
chondrion) or compartment (eg, the cytasol) has spe-
cific roles thar form parc of a subcellular patrern of
metabolic pathways.

Atthe Tissue and Organ Level, the Blood
Circulation Integrates Metabolism

Amino acids resulting from the digestion of dictary
procein and glucose resulting from the digestion of car-
bohvdrate are absorbed and dirceted o the liver via the
hepatic portal vein. The liver has the role of regularing
the blood concentration of most water-soluble metabo-
lites {Figure 15-5). In the casc of glucose, this is
achicved by taking up glucose in excess of immediare
requirements and converting it to glycogen (glycogene-

= = - | Menpratein
Tissue protain - PR e nitrogen derivatives
-
TRAN S.ﬁ.MIN.ﬁ.TIDH
ekt / \ Katonae bodies
Aming i
o Ebliimk s Acatyl-Coh
A

DEAMINATION
Citri
i acid
/ cycle
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260,

Figure 15-4. Overview of amino acid metabolism showing the major pathways and end products.
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Figure 15-5. Transport and fate of major carbohydrate and amino acid substrates and metabolites, Note that
there is little free glucose in muscle, since it is rapidly phosphorylated upon entry.

sis) or o fat ﬂipng:m,-_s:is}.. Between meals, the liver
acts to rn.'Lianlir: the hinﬂd g]u::nm:' cnncr:ntrutinn Frnrn
glveogen (glycogenolysis) and, wgether with the kid-
ney, by converting noncarbohydrate metabolites such
as lactate, glyceral, and amino acids to glucose (gluco-
:lcng:m:ﬁﬂ. Maintenance of an :tl::g]uat:: ooncentra-
tion of blood glucose 15 vital for those dssues in which it
is the major Fuel (the brain) or the only fuel (the eryth-
rocytes). The liver also synthesizes the major plasma
Fmtl:ins {r:g .'thurnirﬂ and deaminates amino acids
that are in excess of requirements, forming urea, which
is transparted to the kidney and excreted.

Skeletal muscle utilizes glucose as a fuel, forming
both lactate and CO. It stores glycogen as a fuel for its
use in muscular contraction and synthesizes muscle
pratein from plasma amino acids, Muscle accounts for
approximately 50% of body mass and consequently
represents a considerable store of protein thar can be
drawn upon to supply amino acids for gluconcogenesis
in starvation,

Li]:lilii- in the diet {Fi:gun: 15-6) are mainly rr'iacyi-
ghreerol and are hydrolyzed o monoacylglycerols and
farry acids in the gut, then reesterified in the ntestinal

mucosa, Here they are packaged with protein and se-
creted i.ﬂtl,'l the Iymp]'l.at:ic system am| t|'|{'.nc1: nto r]'u'
blood stream as chylomicrons, the largest of the plasma
lipoproteins. Chylomicrons also contain other lipid-
soluble nutrents, eg, vitamins. Unlike glucose and
aminn ncirls. Eh}'lﬂl.’l‘lil:l‘ﬂl‘l trinq‘lg[}rcurul 'u ot l‘:ll:!:l'_'ﬂ up
directly by the liver. Tt is first metabolized by tissues thart
have lipoprotein lipase, which hydrolyzes the triacyl-
ghveeral, releasing facty acids that are incorporated into
tisste lipids or oxidized as fuel. The other major source
of long-chain facty acid is synthesis (lipogenesis) from
carbu'h].ra.lmt::. m.'u'nl}r mn ;ld':pns: tissuc and the liver,
Adipase tissue triacylglyeerol is the main fuel reserve
of the body, On hydrolysis (lipolysis) free fatey acids are
released into the circulation, These are taken up by most
tissues (but not brain or erythrocytes) and esterified o
aquglvqmlu or oxicized as a fuel. In the liver, tracyl-
ghycerol arising from lipogenesis, free Fatey acids, and
chylomicron remnants (see Figures 25-3 and 25-4) is se-
creted into the circulation as very low density ]l]mprq-
tein (VLIDL). This tnacylglycerol undergoes a face simi-
lar to that of chylomicrons, Partial oxidation of fatoy
acids in the liver leads 1w ketone body production (keto-
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Figure 15-6.

SMALL INTESTINE

Transport and fate of major lipid substrates and metabolites. (FFA, free fatty acids; LPL, lipopro-

tein lipase; MG, monoacylglycaral; TG, triacylglyeearal; VLDL, very low density lipoprotein.)

genesis), Ketone bodies are transported o exrraheparic
tissucs, where they act as a fuel source in scarvarion,

At the Subcellular Level, Glycolysis Occurs
in the Cytosol & the Citric Acid Cycle
in the Mitochondria

Compartmentation of pathways in scparate subcellular
compartments or organclles permits integration and
regulation of metabolism, Mot all pathways are of equal
importance in all cells, Figure 15-7 depicts the subeel-
lular compartmentation of metabolic pathways in a he-
patic parcnchymal cell.

The ceneral role of the mitochondrion is immedi-
atcly apparent, since it acts as the focus of carbohydrare,
lipid, and amino acid metabolism, It contains the en-
zymes of the citric acid cyele, B-oxidadon of fatty acids,
and kcrogenesis, as well as the respiratory chain and
ATP synthase,

Glycolysis, the pentose phospharte pathway, and farty
acid synthesis are all found in the cyrosol, In gluconco-
gencsis, substrates such as lactawe and pyruvare, which
arc formed in the cytosol, enter the mitochondrion to
yvicld oxaloacetate before formarion of glucase.

The membranes of the endoplasmic reticulum con-
tain the enzyme system for acylglycerol synthesis, and
the ribosomes arc responsible for protein synthesis,

THE FLUX OF METABOLITES IN
METABOLIC PATHWAYS MUST BE
REGULATED IN A CONCERTED MANNER

Regulation of the overall flux through a pathway is im-
porant o ensure an appropriate supply, when re-
quired, of the products of that pathway, R-:Eulatlnn 5
achieved by control of one or more key reactions in
the pathway, catalyzed by “regulatory enzymes.” The

physicochemical factors thar control the rare of an
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Figure 15-7, Intracellular location and overview of major metabaolic pathways in a liver parenchymal
cell, (AA —, metabolism of one or more essential amino acids; A4 «, metabolism of one or more
nonessential amino acids.)



128 [ CHAPTER15

engyme-catalyzed reaction, eg, substrate concentration,
are of primary importance in the control of the overall
rate of a meeabolic pathway (Chapter 9),

“Nonequilibrium” Reactions Are
Potential Control Points

In a reaction ar equilibrium, the forward and reverse re-
actions oceur ar equal rares, and there is thercfore no
nct flux in cither direction:

In vivo, under “steady-state” conditions, there is a net
ﬂux frﬁrrl |I:E [0 ] Tig]'lt I,'Ifl::]l.l_'\u tl'll:l'ﬂ.' ilu A Cnntinur_rl.ﬁ Tl.lP-
phy of A and removal of D). In practice, there are invari-
ably one or more nonequilibrium reactions in 1 meta-
bolic pathway, where the reactants arc present in
Eun::i‘n‘t]’.‘tri:uns rh:ll' anrc Fﬂr :Frﬂl.'n :.‘qu”il‘l-rill.rn. ]I'l A=
n:rnpr':ng to reach :quilihrium, |argr_' losses of free en-
ergy occur as hear, making this ype of reaction essen-
tially irreversible, eg,

Heat
AcBeCearD AcsBLCaD
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Ca™*icalmodufin @ - | @ cAMP
Call
membrans
X ¥ Active

lead-larward
activation
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J e
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Figure 15-8. Mechanisms of control of an enzyme-catalyzed reaction, Circled
numbers indicate possible sites of action of hormones. ), Alteration of mem-
brane permeakbility; (2, conversion of an inactive to an active enzyme, usually in-
valving phasphorylation/dephosphorylation reactions; (3, alteration of the rate
of translation of mANA at the ribosomal level; @), induction of new mRNA forma-
tion; and (&), repression of mRMNA formation, @ and Dare rapid, whereas 3-3)
are slower ways of regulating enzyme activity.



Such a pathway has both flow and dirccnion, The
enzymes catalyzing nonequilibrium reactions are usu-
ally present in low concentrations and are subject to a
varicty of regulatory: mechanisms, However, many of
the reacnions m metabolic pathways cannor be classified
as cquilibrium or nonequilibrium but fll somewhere
between the two extremes,

The Flux-Generating Reaction
Is the First Reaction in a Pathway
That Is Saturated With Substrate

It may be identified as a nonequilibrium reaction in
which the £, of the enzyme is considerably lower than
the normal substrate concentrarion. The first reaction

%}rmlws. catalyzed by hexokinase (Figure 17-2), is
such a flux-generating step because its X, for glucose of
0.05 mmol/L is well below the noemal blood glucose
concentration of 5 mmol/L.

ALLOSTERIC & HORMONAL
MECHANISMS ARE IMPORTANT
IN THE METABOLIC CONTROL OF
ENZYME-CATALYZED REACTIONS

A hypathetical metabolic pathway 15 shown in Figure
15-8, in which reactions A & B and C & 3 are equi-
librium reactions and B — C is a nonequilibrium reac-
tion, The flux through such a pathway can be regulared
by the availability of substrace A. This depends on s
supply from the blood, which in turn depends on cither
food intake or key reactions that maneain and release
substrates from tissue reserves to the blood, eg. the
ghreogen phosphorylase in liver (Figure 18-1) and hor-
mone-sensitive lipase in adipose dssue (Figure 25-7).
The flux also depends on the transport of substrate A
across the cell membrane. Flux 15 also determined by
the removal of the end product I and the availabilicy
of cosubstrate or cofactors represented by X and Y. En-
rymes catalyzing nonequilibrium reactions are often al-
losteric proteins subject to the rapid actions of “feed-
back” or “feed-forward” conerol by allosteric modifiers
in immediate response to the needs of the cell (Chap-
ter 9). Frequently, the produce of a biasynthetic path-
way will inhibit the enzgyme catalyzing the first reaction
in the pathway, Other conerol mechanisms depend on
the action of hormones responding to the needs of the
body as a whole: they may ace rapidly, by altering the
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activity of existing enzyme molecules, or slowly, by al-
tering the rate of enzyme synthesis,

SUMMARY

* The produces of digestion provide the tissucs with
the building blocks for the biosynthesis of comples
maolecules and also with the fuel to power the living
P"]fﬂs:ﬁ,

* Nearly all produces of digestion of carbohydrare, far,
and protein are metabolized ro 2 common merabo-
lire, aceryl-Cod, before final oxidation 1o CO, in the
cirric acid cycle.

* Acctyl-CoA is also used as the precurser for biosyn-

thesis of long-chain faty acids; steroids, including

cholesterol; and ketone bodies,

* Glucose provides carbon skeletons for the glycerol
maoicty of fat and of several nonessential amino acids.

= Warer-soluble ]deuc[s of digestion are ttanspnrmd
directly to the liver via the hepatic portal vein. The
liver regul.ues the blood concentrations of glucose
and amino acids.

* Pathways are compartmentalized within the cell.
Glveolysis, glvcogenesis. glvcogenolysis, the penrose
phosphate pathway, and lipogencsis occur in the cy-
tosol. The mitochondrion contains the enzymes of
the cirric acid cycle, B-oxidarion of fatry acids, and of
oxidative phosphorylation. The ¢ndoplasmic revicu-
lum also contains the cnzymes for many other
processes, including protein synthesis, glycerolipid
tormarion, and drug metabolism.

* Metabolic pathways are regulaced by rapid mecha-
nisms affecting the actvity of existing enzymes, eg,
allosteric and covalent modificavion {ofen in re-
sponse to harmone action); and slow mechanisms af-
fecting the synthesis of enzymes.
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The Citric Acid Cycle:

The Catabolism of Acetyl-CoA

Peter A. Mayes, PhD, DSc, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

The ciric acid cvele (Krebs cycle, wicarboxylic acid
cycle) is a series of reactions in mitochondria thar oxi-
dize aceryl residues (as acetyl-CoA) and reduce coen-
zymes thar upon reoxidation are linked ro the forma-
ton of ATP.

The citric acid cycle is the final common pathway
for the aerobic oxidarion of carbohydrate, lipid, and
protein because glucose, farty acids, and most amino
acids are merabolized to acetyl-CoA or intermediates of
the cycle, It also has a ceneral role in gluconcogenesis,
lipogenesis, and interconversion of amino acids. Many
of these processes occur in most tissues, bur the liver is
the only rissue in which all occur 1o a significant extenc.
The repercussions are therefore profound when, for ex-
ample, large numbers of hepatic cells are damaged as in
acute heparitis or replaced by connective tissue (as in
cirrhosis). Very few, if any, genetic abnormalities of
citric acid cycle enzymes have been reported; such ab-
normalities would be incomparible with life or normal
development.

THE CITRIC ACID CYCLE PROVIDES
SUBSTRATE FOR THE
RESPIRATORY CHAIN

The cycle starts with reaction berween the aceryl moiery
of aceryl-Co and the four-carbon dicarboxylic acid ox-
aloacerare, farming a six-carbon rricarboxylic acid, cir-
rate. In the subsequent reactions, rwo molecules of CO,
are released and oxaloacerate is regenerared {Figure
16-1). Only a small quanrity of oxaloacerate is needed
for the oxidarien of a large quantity of aceryl-Cod: ox-
aloacerate may be considered w play a catalytic role.
The cirric acid cycle is an integral part of the process
by which much of the free energy liberated during the
oxidation of fuels is made available. During oxidarion
of aceryl-Cod, coenrymes are reduced and subsequendy
reoxidized in the respiratory chain, linked to the forma-
tion of ATP (oxidarive phosphorylation; see Figure
162 and also Chaprer 12). This process is aerobic, re-
quiring oxygen as the final oxidant of the reduced
coenzymes. The enzymes of the cirric acid cycle are lo-
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catedd in the mitochondrial matrix, either free or ar-
tached o the inner mitochondrial membrane, where
the enzymes of the respiratory chain are also found.

REACTIONS OF THE CITRIC ACID
CYCLE LIBERATE REDUCING
EQUIVALENTS & CO,

(Figure 16-3)*

The ininal reaction berween acetyl-CoA and oxaloac-
etate to form citrate 15 catalyzed by citrate synthase
which forms a carbon-carbon bond between the methyl
carbon of aceryl-CoA and the carbonyl carhon of ox-
aloacetate, The thioester bond of the resulent citryl-
CoA is hydrolyzed, releasing citrate and CoASH—an
Exﬂrgﬂnl’: reaction.

Cih’ﬂ.rf 'i..,\ i.\ﬂmﬂri:fl’.'d o |ED|:I“Tatf h}r [E'l{.' f.'n?:}rmc
two steps: dehydration o ois-aconitate, some of which
remains bound o the enzyme; and rehydration o isoci-
trate, Although citrate is a symmetric molecule, aconi-
[iEse reacts '“li:tl'l I:itr:l{l: ﬂ_‘u}rmmﬂrril:ni]:f'. Rl l‘l'l:.ll‘ ll'.lf Wi
carbon atoms that are lost in subsequent reactions of
the cycle are not those that were added from aceryl-
CoA. This asymmetric behavior is due to channeling—
transfer of the product of citrate synthase directly onto
the active site of aconitase without entering free solu-
tian. This provides integranon of citric acid cycle activ-
af acetyl-Cod for fatty acid synthesis, The poison flue-
roacetate is toxic because fluoroacetyl-CoA condenses
with oxaloacetate o form fluorocitrate, which inhibies
aconitase, causing citrate to accumulate,

lsocitrate undergoes dehydrogenation catalyzed by
isocitrate dehydrogenase to form, inically, oxalosuce-
nate, which remains enzyme-bound and undergoes de-
carboxylation to o-kevoglutarate. The decarboxylation

*From Circular No. 200 of the Commitee of Editors of Biochemi-
cal Journals Recommendarions (1973): “According ro saandard
biochemical convention, the ending are in, eg. palminare, denores
any mixrure of free acid and dhe ionized formis) (according o pH)
in which the carions are nor specified.” The same convention is

adopred in this vex for all carboxylic acids,
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coy, Co;
Figure 16-1. Citric acid cycle, illustrating the cat-

alytic role of oxaloacetate,

requires Mg™* or Mn®* ions, There are three isoenzymes
of 1socitrate dehydrogenase. One, which uses NALDY, is
found only in mitochondria, The other two use NADP?
and are found in mirochondria and the cytosol. Respi-
ratory chain-linked oxidation of isocitrate proceeds al-
most completely through the NAD'-dependent en-
Tyme.

a-Fetoglutarate undergoes oxidative decarboxyla-
tion in a reaction catalyzed by a multi-enzyme complex
similar to that involved in the oxidative decarboxylation
of pyruvare (Figure 17-3), The a-ketoglutarate dehy-
drogenase complex requires the same cofacrors as the
pyruvate  dehydrogenase complexs—thiamin  diphos-
phate, lipoate, NAD', FAD, and CoA—and results in
the tormarion of succinyl-CoA. The equilibrium of this
reaction is so much in favor of succinyl-CoA formarion
that it must be considered physiologically unidirec-
tional. As in the case of pyruvate oxidation (Chapter
17}, arsenite inhibits the reaction, causing the substrate,
o-ketoglutarate, to accumulare,

Succinyl-CoA is converted to succinate by the en-
zyme succinate thiokinase (succinyl-CoA synthe-
tase). This is the only example in the citric acid cycle of
substrate-level phosphorylation, Tissues in which glu-
concogenesis occurs (the liver and kidney) contain two
isoenzymes of succinate thiokinase, one specific for
GDP and the other for ADP. The GTP formed is
used for the decarboxylacion of oxaloacetate o phos-
phocnolpyruvate in gluconcogenesis and provides a
regulatory link berween citric acid cycle activity and
the withdrawal of oxaloacetare for gluconcogenesis.
Mongluconcogenic tissues have only the isocnzyme that
uses ADP,

Carbohydrate Protein Lipids

N

Acehd-Cof
{Cz)
Onaloacetats |20 Gy
(Cgl
(Gl HaCr
Citric acid ) )
cycle Cis-aconitale
Gy ~H,0
Malaie ¥
(G4 B
H.O 4 Isuic'ggh
2'H Co,
Fumarate
{Ca) u-Ketoglutarate
1Csh
2 NAD = EH Co,

{C4]
wl

Cyth ~u(f) | Dwidative

Tl

l [ phospheryation
Cytc
Cytaag p—= () )
Wz 0y
Anaeroblosis
{hypoxia, anoxia)

- Respiratory chain RyQ

F, Flavoprotein

Cyt Cytochrome
(B} High-anargy phosphate
Figure 16-2. The citric acid cycle: the major catabo-
lic pathway for acetyl-CoA in aerobic organisms. Acetyl-
Cod, the product of carbohydrate, protein, and lipid ca-
tabolism, is taken inta the cycle, together with H,0, and
oxidized to CO, with the release of reducing equivalents
{2H). Subsequent oxidation of 2H in the respiratory
chain leads to coupled phosphorylation of ADP to ATP,
For one tumn of the cycle, 11~E are generated via ox-
idative phosphorylation and one ~ arises at substrate
level from the conversion of succinyl-CoA to succinate,
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Figure 16-3. Reactions of the dtric acid (Krebs) cycle. Oxidation of NADH and FADH; in the respiratory chain
leads to the generation of ATP via oxidative phosphorylation. In order to follow the passage of acetyl-CoA through
the eyele, the two carbon atoms of the acetyl radical are shown labeled on the carboxyl carbon (designated by as-
terisk) and on the methyl carbon (using the designation *). Although two carbon atoms are lost as CO; in one revio-
lution of the cycle, these atoms are not derived from the acetyl-Cod that has immediately entered the cycle but
from that portion of the citrate molecule that was derived from oxaloacetate. However, on completion of a single
turn of the cycle, the oxaloacetate that is regenerated is now labeled, which leads to labeled CO, being evolved
during the second tum of the cycle. Because succinate is a symmetric compound and because succinate dehydro-
genase does not differentiate between its two carboxyl groups, “randomization” of label occurs at this step such
that all four carbon atoms of oxaloacetate appear to be labeled after one tumn of the cycle. During gluconecgene-
sis, some of the label in oxaloacetate is incorporated into glucose and glycogen (Figure 19-1}, For a discussion of
the stereochemical aspects of the citric acid cycle, see Greville (1968). The sites of inhibition (3 by fluoroacetate,
malonate, and arsenite are indicated.
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When ketone bodies are being merabolized in exrra-
heparic tissucs there is an alternarive reaction catalyzed
by succinyl-CoA-acetoacetate-CoA transferase (thio-
phorase) —involving transfer of CoA from succinyl-
CoA 1o acetoacerate, forming aceroaceryl-Cod (Chap-
ter 22).

The onward metabolism of succinate, leading to the
regenetation of oxaloacerate, is the same sequence of
chemical reactions as occurs in the Beoxidation of farry
acids: dehydrogenation to form a carbon-carbon double
bond, addition of water w form a hvdroxyl group, and
a further dehydrogenation to yield the oxo- group of
oxaloacetare,

The first dehvdrogenarion reaction, forming fu-
marate, is catalyzed by succinate dehydrogenase, which
is bound ro the inner surface of the inner mitochondrial
membrane, The enzyme contains FAD and iron-sulfur
{Fe:S) protein and directly reduces ubiguinone in the
respiratory chain, Fumarase (fumarate hydratase) cac-
alyzes the addirion of water across the double bond of
fumarare, vielding malare. Malate is converred to ox-
aloacerare by malate dehydrogenase, a reaction requir-
ing NAD*. Although the equilibrium of this reaction
strongly favors malate, the net flux is toward the direc-
tion of oxaloacetate because of the continual removal of
oxaloacetate {either to form citrate, as a substrate for
gluconeogenesis, or to undergo transamination to as-

artate) and also because of the continual reoxidation
of MADH.

TWELVE ATP ARE FORMED PER TURN
OF THE CITRIC ACID CYCLE

As a result of oxidations catalyzed by the dehydrogen-
ases of the dric acid cycle, three molecules of NADH
and one of FATYH, are produced for each molecule of
aceryl-CoA catabolized in one turn of the cycle. These
m:luclng equivalents are transferred to the respiratory
chain {Flgu re 16-2), where reoxidation of cach NADH
resules in formacion of 3 ATP and reowidation of
FADH, in formation of 2 ATP. In addition, 1 ATP
{or GTF) 15 formed by substrate-level phosphorylation
catalyzed by succinate thiokinase,

VITAMINS PLAY KEY ROLES
IN THE CITRIC ACID CYCLE

Four of the B vitamins are essendal in the citric acid
cycle and therefore in energy-yielding metabolism: (1)
riboflavin, in the form of flavin adenine dinucleotide
(FAD), a cofacror in the ot-keroglurarate dehydrogenase
complex and in succinate dehydrogenase; (2) niacin, in
the form of nicotinamide adenine dinucleoride (NALDY,

the coenzyme for three dehydrogenases in the cvele
isocitrate dehydrogenase, o-ketoglurarate dehydrogen-
ase, and malate dehydrogenase; (3) thiamin (vitamin
By}, as thiamin diphosphate, the coenzyme for decar-
boxylation in the o-ketoglutarare dehydrogenase reac-
tion; and (4) pantothenic acid, as part of coenzyme A,
the cofactor atrached o “active” carboxylic acid resi-
dues such as aceryl-Cod and succinyl-CoA.

THE CITRICACID CYCLEPLAYS A
PIVOTAL ROLE IN METABOLISM

The cittic acid cycle is not only a pathway for oxidation
of two-carbon units—it is also 4 major pathway for in-
terconversion ol metabolites arising from transamina-
tion and deamination of amino acids. Tt also provides
the substrates for amino acid synthesis by transamina-
tion, as well as for Flumumgtursi,s and fatty acid syn-
thesis. Because it lunctions in both oxidative and syn-
thetic processes, it is amphibelie (Figure 16-4).

The Citric Acid Cycle Takes Partin
Gluconeogenesis, Transamination,
& Deamination

All che inrermediates of the cycle are porendally gluco-
genic, since they can give rise to oxaloacerare ang thus
net praduction of glucose (in the liver and kidney, the
organs that carry out gluconeogenesis; see Chaprer 19).
The key enzyme that catalyzes net wransfer our of the
cycle into gluconeogenesis is phospheenolpyruvate
carboxykinase, which decarboxylares oxaloacerate o
phosphoenolpyruvate, with GTT acting as the donor
phospharte (Figure | f-4).

Met cransfer into the cycle ocours as a resule of sev-
eral different reacrions. Among the most imporrant of
such anaplerotic reactions is [if' formartion of oxaloac-
etate by the carboxylation of pyruvare, caralyzed by
pyruvate carboxylase. This reaction is important in
mainraining an adequare concentration of oxaloacetate
for the cangenn:inn reaction with aceryl-Cod. If aceryl-
CoA accumulares, iv acrs both as an allosteric acrivaror
of pyruvare carboxylase and as an inhibiror of pyruvare
dehydrogenase, thereby ensuring a supply of oxaloac-
etate. Lactate, an important substrate for gluconeogene-
sis, enters the cycle via oxidarion to pyruvare and then
carboxylarion o oxaloacetare.

Aminotransferase (rransaminase) reactions form
pyruvate from alanine, oxaloacetate from aspartare, and
o-ketoglurarate from gluramare. Because these reac-
tions are reversible, the cycle also serves as a source of
carbon skeletons for the synthesis of these amino acids.
Other amino acids coneribute o gluconeogenesis be-
cause their carbon skeletons give rise to citric acid cycle
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Figure 16-4.

Involvermnent of the citric acid cycle in transamination and gluconeo-

genesis, The bold arrows indicate the main pathway of gluconeogenesis.

intermediaces. Alanine, cysteine, glycine, hydroxypro-
line, serine, threonine, and tryprophan vield pyruvare;
arginine, histidine, glutamine, and proline yield ot-ke-
toglutarate; isoleucine, methionine, and valine vield
succinyl-Cod\; and ryrosine and phenylalanine yield fu-
marate (Figure 16-4),

In ruminants, whose main metabolic fuel is short-
chain farty acids formed by bacterial fermentation, the
conversion of propionare, the major glucogenic product
of rumen fermentation, to succinyl-CoA via the
methylmalonyl-CoA pathway (Figure 19-2) is espe-
cially important,

The Citric Acid Cycle Takes Part
in Fatty Acid Synthesis
(Figure 16-5)

Acetyl-Cod, formed from E}rrm‘alu by the action of

prruvate debydrogenase, is the major building block for
long-chain fatty acid synthesis in nontuminants, (In ru-
finants, ucciyl-Cuﬁ; is detived din:r_'ll}r from acetate.)

Pyravare dehydrogenase is a mitochondrial enzyme,
and farry acid synthesis is a cyrosolic pathway, bur the
mitochondrial membrane is impermeable to aceryl-
CoA. Aceryl-Cod is made available in the cyrosol from
cicrate synthesized in the mitochondrion, transported
into the cytosol and cleaved in a reaction catalyzed by
ATP-citrate lyase.

Regulation of the Citric Acid Cycle
Depends Primarily on a Supply
of Oxidized Cofactors

In mose tissues, where the primary role of the cirie acid
cvele is in energy-yielding mewbolism,  respiratory
control via the respiratory chain and oxidative phos-
Fhur}'hliuh r::gulau:s citric acid q‘cl:.- at‘!l\rll}r {C]‘L:J!J-
ter 14). Thus, activiey is immediately dependent on the
supply of NAD*, which in turn, because of the 1ig]1[
coupling between oxidation and phosphorylation, is de-
i:ll.‘ﬂll.l:nl on the a.vajl:llul]lj-' of ADP and hence, ulti-
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Figure 16-5. Participation of the citric acid cyele in
fatty acid synthesis from glucose. See also Figure 21-5.

matcly, on the rate of urlization of ATT in chemical
and physical work, In addition, individual enzymes of
the cycle are regulated. The most likely sices for regula-
tion arc the noneqguilibrium reactions catalyzed by
prruvate dehydrogenase, citrate synthase, isocitrace de-
hydrogenase, and o-ketoglutarate dehydrogenase. The
dehydrogenases are activated by Ca™t, which increascs
in conceneration during muscular contraction and se-
cretion, when there is increased encrgy demand. In a
tissuc such as brain, which is largely dependent on car-
bohydrate w supply aceryl-CoA. conorol of the citric
acid cycle may occur at pyruvate dehydrogenase. Sey-
eral enzymes arc responsive to the energy status, as
shown h].r the [ATP/[ADP] and [NADH]/[NAD*] ra-
tios. Thus, there is allosteric inhibition of citrate syn-
thase by ATT and long-chain fatty acyl-CoA. Allosteric
activation of mitochondrial NAD-dependent isocitrate
dehydrogenase by ADP s counteracred by ATP and
MNADH. The t-ketoglutarare dehydrogenase complex is

regulated in the same way as is pyruvate dehydrogenase
{Figure 17-6). Succimare dehydrogenase is inhibired by
oxaloacetate, and the availabilioe of oxaloacerate, as
controlled by malate dehydrogenase, depends on the
[MADH]/[NAD*] ratio. Since the & for oxaloacerare
of citrate synthase is of the same order of magnirtude as
the intramitochondrial concentracion, it is likely thar
the concentration of oxaloacetare controls the rare of
cirrate formartion. Which of these mechanisms are im-
portant in vivo has stll 1o be resolved.

SUMMARY

* The citric acid eyele is the final pathway for the oxi-
dation of :.'arhu]'l}fdta.ll:.. “.Fi.d. and Ft{:l:in whaose
common end-metabolite, aceryl-CoA, reacts with ox-
aloacetate to form citrate, By a series of dehydrogena-
tions and decarboxylations, citrate is degraded,
n:ll:asing reduced COENZEYITIES and ICDJ and fegener-
ating oxaloacerare.

* The reduced coenzymes are oxidized by the respira-
tory chain linked to formation of ATP. Thus, the
cycle is the major route for the generation of ATP
and is locared in the marrix of mitochondria adjacent
to the enzvmes of the respiratory chain and oxidative
phosphorylation.

* The citric acid cycle is amphibolic, since in addicion
to oxidation it Is important in the provision of car-
bon skeletons for gluconcogenesis, fatty acid synthe-
sis, and interconversion of amino acids,
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Glycolysis & the Oxidation

of Pyruvate

Peter A. Mayes, PhD, DSc, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

Most tissues have at least some requirement for glucose.
In brain, the requirement is substancial, Glycolysis, the
major pathway for glucose metabolism, occurs in the
cytosol of all cells, Lt is unique in that it can function ei-
ther acrobically or anaerobically. Erythrocytes, which
lack mitochondria, are completely reliant on glucose as
their metabolic fuel and merabolize it by anaerobic gly-
colysis. However, to oxidize glucose beyond pyruvare
{the end product of glycolysis) requires both oxygen
and mitochondrial enzyme systems such as the pyruvare
dehydrogenase complex, the cimic acid cycle, and the
respiratory chain,

Glycolysis is both the principal route for glucose
metabolism and the main pathway for the merabolism
of fructose, galactose, and other carbohydrates derived
from the diet. The ability of glycolysis to provide ATP
in the absence of oxygen is especially imporrant because
it allows skeleral muscle to perform ar very high levels
when oxygen supply is insufficient and because it allows
tissues (o survive anoxic episodes. However, heart mus-
cle, which is adapted for aerobic performance, has rela-
tively low glycolytic activiey and poor survival under
conditions of ischemia. Discases in which enzymes of
glycolysis leg, pyruvare kinase) are deficient are mainly
seen as hemolytic anemias or, if the defect affecs
skeletal muscle {eg, phosphofructokinase), as farigue.
In fast-growing cancer cells, glveolysis proceeds ar a
higher rare than is required by the citric acid cycle,
forming large amounts of pyruvare, which is reduced o
lactate and expored. This produces a relarively acidic
local environment in the umor which may have impli-
cations for cancer therapy. The lactare is used for gluco-
neogenesis in the liver, an energy-expensive process re-
sponsible for much of the hypermetabolism seen in
cancer cachexia. Lactic acidosis results from several
causes, including impaired activity of pyruvare dehy-
drogenase.

136

GLYCOLYSIS CAN FUNCTION UNDER
ANAEROBIC CONDITIONS

When a muscle contracts in an anacrobic medium, ie,
one from which oxvgen is excluded, glycogen disap-
pears and lactate appears as the principal end producr,
When axygen is admitted, acrobic recovery takes place
and lactare disappears. However, if contraction occurs
under acrobic condinons, lactare does not accumulare
and pyruvare 15 the major end product of glhreolysis,
Pyruvare 15 oxidized further to CO and warter (Figure
17-1}. When axvgen is in short supply, mitochondnal
reoxidation of NADH formed from NAD® during gly-
colysis is impaired, and NADH is reoxidized by reduc-
ing pyruvae to lactate, so permitting glycolysis to pro-
ceed (Figure 17-1), While glycolysis can occur under
anaerobic conditions, this has a price, for it limits the
amount of ATT formed per mole of glucose oxidized,
so that much more glucose must be metabolized under
anacrobic than under acrobic conditions,

THE REACTIONS OF GLYCOLYSIS
CONSTITUTE THE MAIN PATHWAY
OF GLUCOSE UTILIZATION

The averall equarion for glycolysis from glucose to lac-
tate is as follows:

Glucose + 2ADP + 2P, — 2(+) - Lactate + 2ATP + 2H.0

All of the enzymes of glycolysis (Figure 17-2) are
found in the cyrosol. Glucose enters glycolysis by phos-
phorylation o glucose G-phosphate, caralyzed by hexo-
kinase, using ATP as the phosphate donor. Under
physiologic condicions, the pflmp][?mr}'lariun of glucose
to glucose G-phosphate can be regarded as irreversible.
Hexokinase is inhibired allosterically by i product,
glucose G-phosphare. In tissues other than the liver and
pancreatic B isler cells, the availability of glucose for
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Figure 17-1. Summary of glycolysis. ), blocked by
anaerobic conditions or by absence of mitochondria
containing key respiratory enzymes, eg, as in erythro-

cytes.

glycalysis (or glycogen synthesis in muscle and lipogen-
esis in adipose tissue) is controlled by transpart inro the
cell. which in turn is regulared by insulin, Hexokinase
has a high affinity (lew K) for is substrate, glucose,
and in the liver and pancreatic B islet cells is sarurared
under all normal conditions and so acts ar a constant
rate to provide glucose 6-phosphate to meer the cell’s
need. Liver and pancrearic B isler cells also contain an
isnenzyme of hexokinase, glucokinase, which has a K|

very much higher than the normal intracellular concen-
trarion of glucose. The function of glucokinase in the
liver is 1o remove glucose from the %:rlund following a
meal, providing glucose G-phosphate in excess of re-
quirements for glycolysis, which will be used for glyco-
gen synthesis and lipogenesis. In the pancreas, the
glucose G-phosphate tormed by glucokinase signals in-
creased glucose availability and leads to the secrerion of
insulin.

Glucose 6-phosphate is an important compound ar
the juncrion of several merabolic pathways (glycolysis,
gluconeogenesis, the pentose phosphate pathway, gly-
cogenesis, and glycogenolysis). In glycolysis, it is con-
verted to fructose 6-phosphate by phesphohexose-
isomerase, which involves an aldose-kerose isomerization.

This reaction is followed by another phosphorylation
with ATP caralyzed by the enzyme phosphofructoki-
nase (phosphofructokinase-1), forming fructose 1,6-
bisphosphate. The phosphofructokinase reaction may
be considered to be functionally irreversible under
physiologic conditions; it is both inducible and subject
to allosteric regulation and has a major role in regulac-
ing the rate of glycolysis. Fructose 1,6-bisphosphare is
cleaved by aldolase (fructose 1,6-bisphospharte aldolase)
into two triose phosphares, glyceraldehyde 3-phosphare
and dihydroxyacetone  phosphate,  Glyceraldchyde
3-phosphare and dihydroxyacetone phosphate are inter-
converted by the enzyme phosphotriose isomerase.

Glycolysis continues with the oxidaton of glycer-
aldehyde 3-phosphate to 1,3-bisphosphoglycerate. The
enzyme catalyzing  this  oxidadon, glyceraldehyde
3-phosphate dehydrogenase, is NAD-dependent.
Strucrurally, it consists of four identical polypeprides
(monomers) forming a tetramer. —5H groups are
present on each polypepride, derived from cysteine
residues within the polypepride chain. One of the
—SH groups at the active site of the enzyme (Figure
17-3) combines with the substrate forming a thiohemi-
aceral thar is oxidized o a thiol esters the hydrogens re-
moved in this oxidation are transferred o WAD*, The
thiol ester then undergoes phosphorolysis; inorganic
phosphate (P,) is added, forming 1,3-bisphosphoglycer-
are, and the —5H group is reconstitured.

In the next reaction, catalyzed by phosphoglycerate
kinase, phosphate is transferred from 1.3-bisphospho-
glycerate onto ADP, forming ATP (substrate-level
phosphorylation) and 3-phosphoglycerate. Since two
molecules of wiose phosphate are formed per molecule
of glucose, two molecules of ATP are generated ar this
stage per molecule of glucose undergoing glycolysis.
The roxicity of arsenic is due to competition of arsenare
with inorganic phospharte (P) in the above reactions o
give I-amna-iephusphﬂglyocuu. which hydrolyzes
spontaneously to give 3-phosphoglycerate plus hear,
withour generating ATP. 3-Phosphoglycerate is isomer-
ized to 2-phosphoglycerate by phosphoglycerate mu-
tase. It is likely that 2.3-bisphosphoglycerate (diphos-
phoglycerate; DPG) s an intermediate in this reaction.

The subsequent step is catalyzed by enolase and in-
volves a dehydration, forming phosphoenolpyruvare.
Enolase is inhibited by Auoride. To prevent glycolysis
in the estimation of glucose, blood is collected in
tubes containing fluoride. The enzyme is also depen-
dent on the presence of either Mg** or Mn™, The
phosphate of phosphoenolpyruvare is transferred 1o
ADP by pyruvate kinase to generate, ar this stage,
two molecules of ATP per molecule of plucose oxi-
dized. The product of the enzyme-caralyzed reaction,
enolpyruvate, undergoes spontaneous (nonenzymic)
isomerization to pyruvate and so is not available o
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Figure 17-3. Mechanism of oxidation of glyceraldehyde 3-phosphate. (Enz, glycer-
aldehyde-3-phosphate dehydrogenase.) The enzyme is inhibited by the —5H poison
iodoacetate, which is thus able to inhibit glycolysis, The MADH preduced on the enzyme
is not as firmly bound to the enzyme as is NAD". Consequently, NADH is easily displaced

by another molecule of MAD™,

undergo the reverse reaction, The pyruvare kinase re-
action 1s thus also irreversible under physiologic con-
ditions,

The redox state of the tissue now determines which
of two pathways is followed, Under anaerobic condi-
tions, the reoxidation of NADH through the respira-
tory chain to oxygen is prevented, Pyruvate is reduced
by the NADH rto lactate, the reaction being caralyzed
by lactate dehydrogenase. Scveral tissuc-specific isocn-
zgymes of this enzyvme have been described and have
clinical significance (Chapter 7). The reoxidation of
NADH via lactare formation allows glycolysis o pro-
ceed in the absence of oxygen by regencrating sufficient
NAD' for another cycle of the reaction catalyzed by
glyceraldehyde-3-phosphate dehydrogenase. Under aer-
obic conditions, pyruvate is taken up into mitochon-
dria and after conversion to accryl-CoA is oxidized o
CO, by the citric acid cycle. The reducing equivalents
from the NADH + H' formed in glycalysis are taken

up into mitochondria for oxidation via one of the wo
shuctles described in Chapter 12,

Tissues That Function Under Hypoxic
Circumstances Tend to Produce Lactate
(Figure 17-2)

This is true of skeleral muscle, particularly the white
fibers, where the rate of work outpuc—and thercfore
the need for ATP formation—may exceed the rate at
which ouygen can be taken up and urilized. Glycolysis
in erythrocytes, even under acrobic conditions, always
terminates in lactate, because the subsequent reactions
of pyruvate arc mitochondrial, and erythrocytes lack
mitochondria. Other tissues thar mormally derive much
of their energy from glycolysis and produce lactate in-
clude brain, gastrointestinal trace, renal medulla, retina,
and skin. The liver, kidneys, and heart usually take up
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lacrate and oxidize it bur will produce it under hypoxic
conditions.

Glycolysis Is Regulated at Three Steps
Involving Nonequilibrium Reactions

Although mest of the reactions of glycolysis are re-
versible, three are markedly exergonic and must there-
fore be considered physiologically irreversible. These re-
actions, catalyzed by hexokinase (and glucokinase),
phosphofructokinase, and vate kinase, arc the
major sites of regulation of glycolysis. Cells thar are ca-
pable of reversing the glycolytic pathway (gluconeoge-
nesis) have different enzymes that catalyze reactions
which effectively reverse these imeversible reactions.
The importance of these steps in the regulation of glv-
colysis and gluconeogenesis is discussed in Chaprer 19,

In Erythrocytes, the First Site in Glycolysis
for ATP Generation May Be Bypassed

In the erythrocytes of many mammals, the reaction cae-
alyzed by phosphoglycerate kinase may be bypassed
by & process thar effectively dissipates as hear the free
encrgy associated with the high-energy phosphate of
1,3-bisphosphoglycerate (Figure 17-4), Btrp]‘l.usphn-—
glycerate mutase catalvzes the conversion of 1,3-bis-
phosphoglyeerate 2,3—bi$p|m:iphuglj,'ca:r;lt:. which is
converted to ﬁ-phn.'.'phngl}rr_':mrf 11:|.r I,S-hi&]}hﬂsphn—
glycerate phosphatase (and possibly also phosphoglyc-
erate mutase). This aleernarive pathway involves no ner
yvield of ATT from glycolysis, However, it does serve to
provide 2,3-bisphosphoglycerate, which binds to hemo-
globin, decreasing ies affnicy for oxygen and so making
oxygen more readily available to dssues (see Chaprer 6},

THE OXIDATION OF PYRUVATETO
ACETYL-CoA IS THE IRREVERSIBLE
ROUTE FROM GLYCOLYSIS TO THE
CITRIC ACID CYCLE

Pyruvate, formed in the cyrosol, is ransported into the
mitochondrion by a proton symporcer (Figure 12-10).
Inside the mitochondrion, pyruvare is oxidarively decar-
boxylated ro aceryl-Cod by a mulrienzyme complex thar
is associated with the inner mitochondrial membrane.
This pyruvate dehydrogenase complex is analogous w
the o-keroglurarare dehydrogenase complex of the cirric
acid cycle (Figure 16-3). Pyruvare is decarboxylated by
the pyruvate dehydrogenase component of the enzyme
complex to a hydroxyethyl derivarive of the thiazole ring
of enzyme-bound thiamin diphospharte, which in tum
reacts with oxidized lipoamide, the prosthetic group of
dihydrolipoyl transacetylase, w form aceryl lipoamide
{Figure 17-5). Thiamin is vitamin B, (Chapeer 45), and
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COo™
H —rls —0OH /(' P
l.‘l.:HE—D—@} E.HImEHHE%;EEHATE
3-Phosphoglycerate

Figure 17-4.
erythrocytes.

2,3-Bisphosphoglycerate pathway in

in thiamin deficiency glucose merabolism is impaired
and there is significant (and porentially ]J'Fe-d'Lrea[enin%_]l
lactic and pyruvic acidesis. Acery] lipoamide reaces wit
coenzyme A o form aceryl-CoA and reduced lipoamide.
The cycle of reaction is completed when the reduced
lipoamide is reoxidized by a Aavoprocein, dihydrolipoyl
dehydrogenase, containing FAD. Finally, the reduced
tlavoprotein is oxidized by NAD", which in turn crans-
ters reducing equivalents to the respiratory chain.

Pyruvate + NAD™ + Cod — Acetyl - CoA+MADH+H" +CO,

The pyruvace dehydrogenase complex consists of a
number of polypeptide chains of cach of the three com-
ponent enzymes, all organized in a regular spatial con-
figuration. Movement of the individual enzymes ap-
pears to be restriceed, and the metabolic intermediaves
do not dissociate freely but remain bound to the en-
zymes. Such a complex of enzymes, in which the sub-
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Figure 17-5. Ouidative decarboxylation of pyruvate by the pyruvate dehydrogenase complex. Lipaic acid s

joined by an amide link to a lysine residue of the transacetylase component of the enzyme complex. It forms a long
flexible arm, allowing the lipoic acid prosthetic group to rotate sequentially between the active sites of each of the
enzymes of the complex. (NAD', nicotinamide adenine dinucleotide; FAD, flavin adenine dinucleatide; TDP, thiamin

diphosphate.)

strates are handed on from one enzyme to the next, in-
creases the reaction rare and climinares side reactions,
increasing overall efficiency.

Pyruvate Dehydrogenase Is Regulated
by End-Product Inhibition
& Covalent Modification

Pyruvate dthydmg:nast i inhibited by ies praducts,
acetyl-CoA and NADH I:F'lgun: 17-6). It is also regu-

lated by phosphorylation by a kinase of three serine
residues on the pyruvate dehvdrogenase component of
the multienzyme complex, resulting in decreased activ-
ity, and by dephosphorylation by a phospharase that
causes an incrcase in activity, The kinasc is activated by
increases in the [ATPI/[ADP], [aceryl-CoAl/[CoAl,
and [NADH}/[MNALD] ratios. Thus, pyruvate dehydro-
genase—and therefore glycolysis—is inhibited not only
by a high-energy potental but also when farty acids are
being oxidized. Thus, in starvation, when free farry acid
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concentrations increase, there is a decrease in the pro-
portion of the enzyme in the active form, leading 1o a
sparing of carbohydrate. In adipose tissue, where glu-
cose provides aceryl CoA for lipogenesis, the enzyme is
activated in response to insulin.

Oxidation of Glucose Yields Up to 38 Mol
of ATP Under Aerobic Conditions But Only
2 Mol When O, Is Absent

When 1 mol of glucose is combusted in a calorimerer
L{x] CD: ahd water, appmximatr[}' EE?U |':.J are liberated
as heat. When oxidation occurs in the dssues, approsi-
mately 38 mol of ATP are generated per molecule of
glucose oxidized to CO; and water, In vivo, AG for the

ATP synthase reaction has been calculared as approxi-
mately 51.6 kJ. It follows that the total energy caprured
in ATP per mole of glucose oxidized is 1961 k], or ap-
proximately 68% of the energy of combustion. Most of
the ATP is formed by oxidative phosphorylation resule-
ing from the reoxidation of reduced coenzymes by the
respiratory chain, The remainder is formed by substrace-
level phosphorylation (Table 17-1).

CLINICAL ASPECTS

Inhibition of Pyruvate Metabolism
Leads to Lactic Acidosis

Arsenite and mercuric ions react with the —SH Eroups
of lipoic acid and irthibit pyruvate dehydrogenase, as
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Table 17-1. Generation of high-energy phosphate in the catabolism of glucose,

Number of =F;
Formed per
Pathway Reaction Catalyzed by Method of ~F Production Mole of Glucose
Glycolysis Glyceraldehyde-3-phosphate dehydrogenase  Respiratory chain oxidation of 2 NADH 6"
Fhosphoglycerate kinase Phosphoration at substrate level 2
Pyruvate kinase Phosphonyation at substrate level 2
Jo,
Allow for consumption of ATP by reactions catalyzed by hexokinase and phosphofructokinase -2
Mat &
Pyruvate dehydrogenase Respiratory chain oxidation of 2 NADH [
Isocitrate dehydrogenase Respiratory chain oxidation of 2 NADH &
u-Ketoglutarate dehydrogenase Respiratory chain oxidation of 2 NADH [
Citric acid cycle  Succinate thiokinase Phosphonylation at substrate level 2
Succinate dehydrogenase Respiratory chain oxidation of 2 FADH, 4
Malate dehydrogenase Respiratory chain oxidation of 2 NADH [
Net 30
Total per mole of glucose under aerobic conditions g
Total per maole of glucose under anagrobic conditions 2

*It is assumed that MADH formed in glycolysis is transportad into mitachandria via the malate shuttie (see Figure 12-13), If the glyc-
erophosphate shuttle is used, only 2 ~ ) would be formed per maole of NADH, the total net production being 26 instead of 38, The
calculation ignores the small loss of ATP due to a transport of H' into the mitochondrion with pyruvate and a similar transport of H*
in the operation of the malate shuttle, totaling about 1 mol of ATP, Note that there is a substantial benefit under anaerobic condi-
tions if glycogen is the starting paint, since the net production of high-energy phosphate in glycolysis is increased from 2 to 3, as ATP

is o longer reguired by the hewokinase reaction.

does a dietary deficiency of thiamin, allowing pyru-
vate to accumulate. Nutritionally deprived alcoholics
are thiamin-deficient and may develop potentially fatal
pyruvic and lactic acidosis, Patients with inherited
pyruvate dehydrogenase deficiency, which can be due
to defects in one or more of the components of the en-
zvme complex, also present with lacric acidosis, partcu-
larly after a glucose load, Because of its dependence on
glucose as a fucl, brain is a prominent tissue where these
metabolic defects manifest themselves in neurologic
disturbances.

[nhericed aldolase A deficiency and pyruvace kinase
deficiency in erythrocytes cause hemolytic ancmia.
The exercise capacity of patients with muscle phos-
phofructokinase deficiency is low, particularly on
high-carbohydrate dicts. By providing an aleernative
lipid fuel, eg, during starvarion. when blood free farry
acids and kerone bodies are increased, work capacity is
improved.

SUMMARY

* Glycolysis is the cyrosolic pathway of all mammalian
cells for the metabalism of glucose {or glycogen) o
pyruvate and lactate.

* [t can function anacrobically by regencrating oxidized
NAD® (required in the glyceraldehyde-3-phosphate de-
hydrogenase reaction) by reducing pyruvare o lacrare,

* Lacrate is the end product of glycolysis under anaero-
I]‘Iil'.' L'[:Ind.i.l:iunx {t‘g. in I:m.'rr.':is'mg nll.l..‘ili.']fj O \'ﬁ']'l.ﬁl'l. t]'l:
mt‘rﬂ.h‘]“.l: 111.:l|:|1i.m.'n-' iﬁ‘ :th-l.‘rjt Fﬂr tl'l.: }-lll':hff “xlld.;l-
tion of pyruvate (e, in erythrocytes).

* Glycalysis is regulared by three enzymes caralyzing
nonequilibrium reactions: hexokinase, phosphofruc-
tokinase, and pyruvate kinase.

* In erythrocyres, the first site in glycolysis for genera-
tion of ATP may be bypassed, leading to the forma-
tion of 2,3-bisphosphoglycerate, which is important
in decreasing the affinity of hemoglobin for O,

* Pyruvare is oxidized ro aceryl-CoA by 2 multenzyme
complex, pyruvate dehydrogenase, that is dependent
an rhﬂ: \-'ital.'llin L‘u-EIL‘I:nr rJ'lll:lmlln dliFhuSP]'llltE.

* Conditions that involve an inability to merabolize
pyruvate frequently lead o lactic acidosis.
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Metabolism of Glycogen

Peter A. Mayes, PhD, DSc, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

Glycogen is the major storage carbohydrare in animals,
corresponding to starch in plancs; it is a branched poly-
mer of -D-glucose. [t occurs mainly in liver {up to 6%)
and muscle, where it rarely exceeds 1%. However, be-
cause of its greater mass, muscle conrains abour three w
four times as much glycogen as does liver (Table 18-1).

Muscle glycogen is a readily available source of glu-
cose for glycolysis within the muscle itself. Liver glyco-
gen functions tw store and export glucose to maineain
blood glucose berween meals. After 12-18 hours of
tasting, the liver glycogen is almost rowlly depleted.
Glycogen storage diseases arc a group of inherired dis-
orders characterized by deficient mobilization of glyco-
gen or deposition of abnormal forms of glycogen, lead-
ing 1o muscular weakness or even death,

GLYCOGENESIS OCCURS MAINLY
IN MUSCLE & LIVER

The Pathway of Glycogen Biosynthesis
Involves a Special Nucleotide of Glucose
(Figure 18-1)

As in glycolysis, plucose is phosphorvlated w glucose
6-phosphate, r_-atair_'ﬂ_cd by hexokinase in muscle and
g]umkj.“.uf 1" I;"Q'L'T. Glu{_'u.'m.' ﬁ—P]'I.[]EihH.lL' i.ﬁ i:.‘iutlH_'r-
ized to glucose 1-phosphate by phosphoglucomutase.
The enzyme isell is phosphorylated, and the phospho-
group takes iarr. in a reversible reaction in which glu-
CLESL ].ﬁ—lJiEP u&‘PhalL' i.h' dn il:!Ll.'l.'mL'v:J.'i:Ju.'. N‘.'}ll., glut.u:i:.'
I-phosphate reacts with uridine triphosphate (UTP) to
form the active nucleotide uridine diphosphate glu-
cose (UDPGle)* and pyrophosphate (Figure 18-2),
catalyzed by UDPGle pyrophosphorylase. Pyrophos-

* Dhiher nuclenside di.phunphalr ST :rlmpn'u.ml': are known, e,
VIPGal. In addition, the ame sugar may ke lin ked tor different
nticleciides. For namplr. g|u|:m= may he linked to uridine {as
shown above) as well as 1o guanaune, thymiding, adenosing, or cy-
‘il:lin! |'|1|:[E|1|'il.‘|.ﬂ1 -
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phatase catalyzes hydralysis of p_l.-’rup]'mspha[: to 2 mol
af inorganic ]:-hu-sphate. _I.'h':rti:ng the equilibrium of the
main reaction by removing one of its products.
Glycogen synthase catalyzes the formation of a gly-
coside bond between C) of the activated glucose of
UDPGle and C, of a terminal plucose residue ui'gf}ﬂ_{:-
gen. liberaring u:rldjm: d:phmpﬁatr [UDPJ .'!‘I. pn:l:xm-
ing g]!,r;uga:n malecule, or g[].r{_:;lg:n primer,” must
prr:wm to indtiate I:|11\ reaction. | he gly:.ug::h Prjmt'r
may in turn be formed on a primer known as glyco-
genin, which is a 37-kDa protein that is glycosylated
on a specilic tyrosine residue by UDPGle, Further glu-
cose residies are attached in the 1—4 ]J::lsili:nh to make
a short chain that is a substrate for glycogen synthase.
In skeletal muscle, glycogenin remaing attached in the
center of the g[]ﬂ.‘ng:n maolecule {Figur: 13-15),
whcr:as in liver []1:: number ol g]j-'r_'ugeh molecules is
greater than the number urg[}rctag:nin molecules.

Branching Involves Detachment
of Existing Glycogen Chains

The addition of a glucose residue to a preexisting glyco-
gen chain, or “primer,” occurs at the nonreducing,
outer end of the melecule so that the “branches”™ of the
glvcogen “trec” become clongated as successive 1—4
linkages arc formed (Figure 18-3}. When the chain has
been lengthened 1o at least 11 glucose residues, branch-
ing enzyme transfers a part of the 1=+4 chain (ar least
six glucose residues) to a neighboring chain to form a
1= linkage, establishing a branch point. The
branches grow by further additions of 1—4-glucosyl
units and further branching,

GLYCOGEMNOLYSIS IS NOT THE REVERSE
OF GLYCOGENESIS BUT IS A SEPARATE
PATHWAY (Figure 18-1)

Glycogen phosphorylase caralyzes the rate-limiting
!tf.‘:F.l I“'l. gl:ri.‘]gﬁnu]'f'}i.ﬁ b}r ]Jlu[n{llin 1.]1.: EJ]'I.U&PI‘IUF}-’I}"[EL
cleavage by inorganic phosphate (phosphorylysis; ef hy-



146 [ CHAPTER 18

ngen
{1—4 and 1—6 glucosyl units),

(1—4 Ghucosyl units), R
/’x UDF ie
GLYCOGEN | 6 cAME @ GLYGOGEN
SYNTHASE i' PHOSPHORYLASE
Glycogen
primer | @
1
Glugagon
Epinephring
Glycogenin
Uriding
disphosphate
glucosa (UIDPGIC)
To uranks acid Free glucose from
pathway debranching
T ERGANG [ Uoeeic PrRoPHOSPHORYLASE | enzyme
PYROPHOSPHATASE | PRy
2P;
Uriding
une Iriphosphata [UTP) Glucose 1-phosphate
Mg** I [eHosPHos UCOMUTASE |
Glucose &-phosphata —= To glycolysis and pentoss
phosphate pathvway
NUCLEOSIDE tht ABE
DIPHOEPHO-
ORHATAS * [GLCoRmASE]
ATE AR AOF PHOSPHATASE Mg™" [GLUCOKMASE |
o ATP

Glucosa

Figure 18-1. Pathway of glycogenesis and of glycogenolysis in the liver. Two high-energy phosphates are
used in the incorporation of 1 mol of glucese into glycogen. &, stimulation; S, inhibition. Insulin decreases the
level of cAMP only after it has been raised by glucagon or epinephrine—ie, it antagonizes their action. Glucagon
is active in heart muscle but not in skeletal muscle, At astensl: Glucan transferase and debranching enzyme ap-
pear to be two separate activities of the same enzyme,

Table 18-1. Storage of carbohydrate in

postabsorptive normal adult humans (70 kg). drolysis) of the 14 linkages of glycogen to yield glu-
Cosc I—Phﬂﬁ]'.lh.lrf. T['.IC' ll:rﬂ]in.'ll. gi'l.LI’.'l:]ﬁ‘.r'! [E!i'i'l.ll.l:h' F]'ﬂl'.l'l

the outermost chains of the glycogen molecule are re-

;"ﬁ:ﬂgﬁ]}"ﬁﬂg:ﬂen ;g: o 21293 moved sequentially unul approximately four glucose
Etbaciiar ghicass o1 - 1og  residucs remain on cither side of a 156 branch (Figure
e s R O i L 18-4). Another enzyme (o-[1—*4]—o-[1—4] glucan

37y transferase) transfers a mmisacchande unit from one
"Liver weight 1800 g. branch to the other, :quuing the 1—+6 branch point.
TMuscle mass 35 kg H}‘dmlpu of the 1—=6 linlcagcs I'I‘_‘l'lulil'l“_‘i the de-

]Tcutal valume 10 L bra.ncl'l.ins ENZYIme. Furrhcr F!I'I{!l!ii}l‘.ll'rr}"l:l:i'.‘.' action can
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Figure 18-2. Uridine diphosphate glucose (UDPGIc).

then proceed. The combined action of phosphorylase
and these other enzymes leads to the complere break-
down of glycogen. The reaction caralyzed by phospho-
glucomurase is reversible, so thar glucose 6-phosphare
can be formed from glucose 1-phosphate, In liver (and
kidney), bur not in muscle, there is a specific enzyme,
glucose-6-phosphatase, thar  hydrolyzes  glucose
O-phosphare, yielding glucose thar is exported, leading
to an increase in the blood glucose concentration,

CYCLIC AMP INTEGRATES THE
REGULATION OF GLYCOGENOLYSIS
& GLYCOGENESIS

The principal enzymes conerolling glycogen mebo-
lism—glyeogen phosphorylase and glycogen synthase—
are regulated by allosteric mechanisms and covalent
maodifications due o reversible phosphorylation and

O=0 1—4- Glucosidic bond

0 Unlabeled glucoss residus
D 1—6- Glucoaidic bond

®  VColabeled glicose residu

* e
“o-Glucose
addad b

Figure 18-3.
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dephosphorylation of enzyme protein in response
hormone action {Chaprer 9).

Cyclic AMP (cAMP) (Figure 18-5) is formed from
ATP by adenylyl cyclase at the inner surface of cell
membranes and acts as an intracellular second messen-
ger in response to hormones such as epinephrine, nor-
epinephrine, and glucagon. cAMT is hydrolyzed by
phosphodiesterase, so terminating hormone action. In
liver, insulin increases the acrivity of phosphodiesterase.

Phosphorylase Differs Between
Liver & Muscle

In liver, one of the serine hydroxyl groups of active
phosphorylase a is phosphorylated. It is inactivared by
hydrolytic removal of the phosphate by protein phos-
phatase-1 to form phosphorylase b, Reactivarion re-
quires rephosphorylation catalyzed by phosphorylase
kinase.

Muscle phosphorylase is distinet from that of liver. It
is a dimer, each monomer containing | mol of pyridoxal
phosphate (vicamin B.). It is present in two forms: phos-
phorylase a, which is phosphorylated and active in either
the presence or absence of 5-AMP (its allosteric modi-
fier}; and phosphorylase b, which is dephosphorylared
and active only in the presence of 5-AMP. This oocurs
during exercise when the level of 5-AMP rises, providing,
by this mechanism, fuel for the muscle. Phosphorylase a is
the normal physiologically active form of the enzyme.

cAMP Activates Muscle Phosphorylase

Phosphorylase in muscle is activated in response to cpi-
nephrine (Figure 18-6) acting via cAMDP. Increasing
the concentration of cAMYP activates cAMP-dependent

Mew 1—&- bond

BRANCHING
ENZ¥YME

The hiosynthesis of glycogen. The mechanism of branching as revealed

by adding '“C-labeled glucose to the diet in the living animal and examining the liver

glycogen at further intervals,
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PHOSPHORYLASE I GLUCAN DEERANGHIMNG
TRANSFERASE EMZYME
8 | ciucose residues |oined by
o0 1 — d= glucosidic bonds:
Glucose residues joined
*0 ey
1 = &- glucogidic bends

Figure 18-4. S5tepsin glycogenolysis.

protein kinase, which catalyzes the phosphorylation by
ATP of inactive phosphorylase kinase b ro acrive
phosphorylase kinase a, which in turn, by means of a
further phosphorylation, activares phosphorylase b to
phosphorylase a.

Ca®' Synchronizes the Activation of
Phosphorylase With Muscle Contraction

Glycopenolysis increases in muscle several hundred-fold
imnnﬁiumi}r after the onset of contraction. This in-
volves the rapid activation of phospharylase by activa-
tion of phosphorylase kinase by Ca™, the same signal as
that which initiazes contraction in response o nerve
stimulation. Muscle phosphorylase kinase has four

(o]

“0—P=0

uH

Figure 18-5. 3’ 5-Adenylic acid (cyclic AMP; cAMP).

types of subunits—a, [, v, and &—in a structure repre-
sented as (0fyd),. The o and P subunits conain serine
residues that are phosphorylated by cAMP-dependent
protein kinase. The & subunir binds four Ca™ and is
identical o the Ca™-binding prowein calmodulin
{Chapter 43). The binding of Ca®™ activates the car-
alytic site of the ¥ subunit while the molecule remains
in the dephosphorvlated b configuration. However, the
phosphorylated a form is only fully activared in the
presence of Ca™. A second malecule of calmodulin, or
TptC {the structurally similar Ca®*-binding protein in
muscle), can interact with phospharylase kinase, caus-
ing further activation. Thus, activation of muscle con-
traction and glycogenolysis are carried out by the same
Ca**-binding protein, ensuring their synchronization.

Glycogenolysis in Liver Can
Be cAMP-Independent

In addition to the action of glucagon in causing forma-
tion of cAMP and activation of phosphorylase in liver,
o -adrenergic receprors mediate stimulation of glyco-
genolysis by epinephrine and norepinephrine. This in-
volves a cAMP-independent mobilization of Ca™
from mirtechondria into the cyrosol, followed by the
stimulation of a Ca**/calmodulin-sensitive phosphory-
lase kinase. cAMP-independent glycogenolysis is also
caused by vasopressin, oxytocin, and angiotensin I1 acr-
ing through calcium or the phosphatidylinositol bis-
phosphate pathway (Figure 43-7).

Protein Phosphatase-1
Inactivates Phosphorylase

Both phosphorylase a and phosphorylase kinase a are
dephospharylated and inacrivared by protein phos-
phatase-1. Protein phosphatase-1 is inhibited by a

rotein, inhibitor-1, which is active only after it has

ecn phosphorvlated by cAMP-dependent protein ki-
nase. Thus, cAMP controls both the activation and in-
activation of phosphorylase (Figure 18-6). Insulin re-
inforces this effect by inhibiting the actvation of
phosphorylase b. It does this indirectly by increasing
uptake of glucose, leading o increased formarion of
glucose G-phosphare, which is an inhibiror of phosphor-
yvlase kinase.

Glycogen Synthase & Phosphorylase
Activity Are Reciprocally Regulated
(Figure 18-7)

Like phusphur}'lasc. gi:.-'r_'ug:h .-i}rnlhau: exists in either a
phosphorylated or nonphosphorylated state. However,
unlike phosphorvlase, the active form is dephosphory-
lated {glycogen synthase a} and may be inactivated to
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glycogen synthase b by phosphorylation on serine
residues by no fewer than six different protein kinases,
Two of the protein kinases are Ca™/calmodulin-
dependent {one of these is phosphorylase kinase). An-
other kinase is cAMP-dependent protein kinase, which
allows cAMP-mediated hormonal acton to inhibit
glycogen synthesis synchronously with the activation of
glycogenolysis, Insulin also promotes glycogenesis in
muscle at the same time as inhibiting glycogenolysis by
raising glucose  O-phosphate  concentrations, which
stimulates the dephosphorylation and activation of
glycogen synthase. Dephosphorylation of glycogen syn-
thase b is carried our by protein phosphatase-1, which
i5 under the control of cAMP-dependent protein ki-

nase.

REGULATION OF GLYCOGEN
METABOLISM IS EFFECTED BY
A BALANCE IN ACTIVITIES
BETWEEN GLYCOGEN
SYNTHASE & PHOSPHORYLASE
(Figure 18-8)

Mot only is phosphorylase activared by a rse in concen-
tration of cAMD (via Ehu&phnryia:\t kinase), but glyeo-
gen synthase is at the same time converted w the
inactive form; both effects are mediared vis cAMP-
dependent protein kinase. Thus, inhibition of gly-
cogenolysis enhances net glycogenesis, and inhibition of
glycogenesis enhances net glycogenolysis. Furthermaore,
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Figure 18-8. Coordinated control of glycogenalysis and glycogenesis by cAMP-dependent protein ki-

nase. The reactions that lead to glycogenaolysis as a resul

t of an increase in cAMP concentrations are shown

with bold arrows, and those that are inhibited by activation of protein phosphatase-1 are shown as broken

arrows, The reverse occurs when cAMP concentrations d
leading to glycogenesis.

the dephosphorvladon of phosphorylase a, phosphory-
lase kinase a, and glycogen synthase b is catalyzed by
a single enzyme of wide specificity—protein phos-
phatase-1. In turn, protein phosphatase-1 is inhibited
by cAMP-dependent protein kinase via inhibiror-1.
Thus, ghreogenolysis can be rerminated and glycogenesis
can be stimulated synchronously, or vice versa, because
both processes are keyed to the activity of cAMP-depen-
dent protein kinase. Both phosphorylase kinase and
ghrcogen synthase may be reversibly phosphorylated in
more than one site by separace kinases and phosphatases.,
These secondary phosphorylations modify the sensicivicy
of the primary sites to phosphorylation and dephos-
phorylation  (multisite phosphorylation). “Whar is

ecrease as a result of phosphodiesterase activity,

more, they allow insulin, via glucose 6-phosphate eleva-
tion, to have effects thar act reciprocally to those of
cAMP (Figures 18=6 and 18-7),

CLINICAL ASPECTS
Glycogen Storage Diseases Are Inherited

“Glycogen storage disease” is a generic term o describe
a group of inherited disorders characterized by deposi-
tion of an abnormal type or quanticy of glycogen in the
tissues. The principal glycogenoses are summarized in
Table 18-2. Deficiencies of adenylyl kinase and
cAMP-dependent protein kinase have also been re-
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Table 18-2. Glycogen storage diseases,

Glycogenosis Name Cause of Disorder Characteristics
Typel Yon Gierke's disease Deficiency of glucose-6-phosphatase | Liver cells and renal tubule cells loaded
with glycogen. Hypoglycemia, lactic-
acidernia, ketasis, hyperlipemia.
Typell Pompe's disease Deficiency of lysosomal c-1—4- and | Fatal, accumulation of glycogen in lyso-
1—6-glucaosidase (acid maltase) | somes, heart failurs,
Typelll Limit dextrinosis, Forbes’ or | Absence of debranching enzyme | Accumulation of a characteristic
Cori's disease branched polysaccharide.
Type IV Amylopectinosis, Andersen’s | Absence of branching enzyme Accumulation of a polysaccharide hav-
disease ing few branch peints, Death due to
cardiac ar liver failure in first year of lifg,
TypeV Myophosphorylase deficiency, | Absence of muscle phospharylase Diminished exercise tolerance; muscles
Mchrdle's syndrome have abnormally high glycogen con-
tent [2.5-4.1%). Little or no lactate in
blood after exercise,
Type Wl Hers' disease Deficiency of liver phosphorylase High glycagen content in liver, ten-
dency toward hypoglycemia.
Type Yl Tarui's disease Deficiency of phosphofructokinase | As for type V but also possibility of he-
_______________________________________ inmuscleand erythrocytes | molyticanemia.
Type VIll Deficiency of liver phosphorylase As for type VI
kinase

ported. Some of the conditions described have bene-
fited from liver transplantation,

SUMMARY

* Glycogen represents the principal storage form of
carbohydrate in the mammalian body, mainly in the
liver and muscle.

= In the liver, its major function is to provide glucose
for extrahepatic tissues. In muscle, it serves mainly as
a ready source of metabolic fuel for use in muscle.

* Glycogen is synthesized from glucose by the pathway
of glveogenesis. It is broken down by a separate path-
way known as glyeogenolysis. Glycogenolysis leads wo
glucose formation in liver and lactate formation in
muscle owing 1o the respective presence or absence of
glucose-6-phosphatase.

* Cyclic AMP integrates the regulation of glycogenoly-
sis and glycogenesis by promoting the simultaneous
activation of phosphorylase and inhibition of glyco-
gen synthase. Insulin acts reciprocally by inhibiting
glycogenolysis and stimulating glvcogenesis.

* Inhenited dehiciencies in specific enzymes of glvcogen
metabolism in both liver and muscle are the causes of
glycogen storage diseascs.

REFERENCES

Bollen M, Keppens 5, Sralmans W Specific fearures of glycogen
metabolism in the liver, Biochem | 19983340: 19,

Cohen 2 The rele of protein phosphorylarien m che hormonal
control :lflm;:f'mn :.:riwty. Eur | Biaschem 1985151439,

Ercan M. Gannon MC, Nuwall FO: Incorporatien of glycogenin
intw a hepatic proteopglycogen after oral glucose adminisira-
tion. | Biel Cliem 1994;269:23328,

Geddes R Glycogen: 2 merabolic wiewpoint,  Bioscience Rep
1986:0:415,

MCGHIF}' r]j er ir: I'-rI'ITI'I. Iilﬂir:r EILI.EI'IH' L) [i'\'ﬁ g[:ﬂ:ﬂg{'n: TI'|I'.' Ell.ll
cirele round. Annu Rev Muer 1987 7:51,

Meléndez-Hevia E, Waddell TG, Shelton ED: Oprimization of
molecular design in the evoluton of metabolism: the glyce-
gen maolecule. Biochem | 1993,295:477.

Raz 1, Karz A, Spencer ME: Epinephrine inhibirs imsulin-mediared
glycogenesis bur enhances ghrcolysis in human skeleral mus-
cle. Am | Physiel 1991260 E430,

Scriver CR et al (editnrs): Tie Metabolic and Moleculer Baser .af.l'»-
frerited Direqse, Bth ed. MoGraw-Hill, 200,

Shulman G, Landau BR: Pachways of glycogen replecion. Pliysiol
Rev 1992,72:1019.

Willar-T'alasi C: On the mechanism of inacovanon of muscle glyco-
gen phosphorylase by insulin. Biochim Buwophys Acra 1994,
1224:384,



Gluconeogenesis & Control
of the Blood Glucose

Peter A. Mayes, PhD, D5c, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

Gluconeogenesis is the rerm used ta include all path-
ways responsible for converting noncarbohydrate pre-
cursers to glucose or glycogen. The major substrates are
the glucogenic amino acids and lactare, glycerol, and
propionate. Liver and kidney are the major gluco-
n:ng:m'c tissues. Glur_'nn::ng_::n:si..l; meets the needs of
the hody for glucnse when carbohydrate is not available
in sufficient amounts from the diet or from glycogen
reserves. A supply of glucose is necessary especially for
the nervous system and erythrocytes, Failure of gluco-
neogenesis is mu.a“]. faral. Hypoglycemia causes brain
dystunction, which can lead to coma and death, Glu-
cose s also important in maintaining the level of inter-
mediates of the citric acid cycle even when farty acids
are the main source of aceryl-CoA in the tssues. In ad-
dition, gluconeagenesis clears lactate produced by mus-
cle and erythrocytes and glycerol produced by adipose
tissue, Propionate, the principal glucogenic farty acid
produced in the digestion of carbohvdraces by rumi-
nants, is a major substrate for gluconeogenesis in these
species,

GLUCONEOGENESIS INVOLVES
GLYCOLYSIS, THE CITRIC ACID CYCLE,
& SOME SPECIAL REACTIONS

(Figure 19-1)

Thermodynamic Barriers Prevent

a Simple Reversal of Glycolysis

Three noncquilibrium reactions catalyzed by hexoki-
nasc, phosphofructokinase, and pyruvate kinase prevent
simple reversal of glycolysis for glucose  synthesis
{Chaprer 17}, They are circumvented as follows:

A. PYRUVATE & PHOSPHOENOLPYRUVATE

vate (Figure 45-17). A sccond cnzyme, phospho-
enolpyruvate carboxykinase, catalyzes the decarboxy-
lation and phosphorylation of oxaloacetare to phaspho-
cnolpyruvare using GTP {or ITP} as the phosphare
donor, Thus, reversal of the reacrion catalyzed by pyru-
vate kinase in glycolysis involves two enderganic reac-
tions.

In pigeon, chicken, and rabbic liver, phospho-
enolpyruvare carboxykinase is a mitochondrial enzyme,
and phosphocnolpyruvate is transported into the oyp-
tosol for gluconeogenesis. In the rat and the mouse, the
enzvme is cyrosolic. Chealoacetare does not cross the mi-
tochondrial inner membrane; it is converted o malare,
which is transported into the cytosol, and converted
back to oxaloacetate by cyrosolic malare dehydrogenase.
[n humans, the guinea pig, and the cow, the enzyme is
equally distributed between mitochondria and cyrosol,

The main source of GTP for phosphocnolpyruvate
carboxykinase inside the mitochondrion is the reaction
of succinyl-CoA syntherase (Chaprer 16). This provides
a link and limit berween citric acid cycle activiny and
the extent of withdrawal of oxaloacetate for gluconco-
genesis,

B. FrucTose 1,6-BISPHOSPHATE
& FrucTOSE 6-PHOSPHATE

The conversion of fructose 1,6-bisphosphate to fructose
t-phasphate, to achieve a reversal of glycolysis, is car-
alyzed by fructose-1,6-bisphosphatase. Its presence
determines whether or not a tissue is capable of synthe-
sizing glycogen not only from pyruvate bur also from
triosephosphates. It is present in liver, kidney, and
skeleral muscle bur is probably absent from hearr and
smooth muscle,

C. GLucosE 6-PHOSPHATE & GLUCOSE

Mitochondrial pyruvate carboxylase catalyzes rthe car-
boxylarion of pyruvare to oxaloacerare, an ATP-requir-
ing reaction in which the viamin biotin is the co-
enzyme.  Biotin binds CO, from bicarbonate as
carboxyhiotin prior to the addition of the CO, to pyru-
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The conversion of glucose G-phosphate o glucose is
catalvzed by glucose-6-phosphatase. [t is present in
liver and kidney but absent from muscle and adiposc
tissuc, which, therefore, cannot export glucose into the
bloodstream.
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Figure 79-1. Major pathways and regulation of gluconeogenesis and glycolysis in the liver. Entry

points of glucogenic amino acids after transamination are indicated by arrows extended from circles,
{See also Figure 16-4.) The key gluconeogenic enzymes are enclosed in double-bordered boxes. The
ATF required for gluconeogenesis is supplied by the oxidation of long-chain fatty acids. Fropionate is
of quantitative importance only in ruminants, Arrows with wavy shafts signify allosteric effects; dash-
shafted arrows, covalent medification by reversible phosphorylation. High concentrations of alanine

act as a "gluconeogenic signal” by inhibiting glycolysis at the pyruvate kinase step.
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D. GLucose 1-PHOSPHATE & GLYCOGEN

The breakdown of glycogen o glucose 1-phosphare is
catalyzed by phosphorylase. Glycogen synthesis in-
volves a different pathway via uridine diphosphate glu-
cose and glycogen synthase (Figure 18-1),

The relationships berween gluconeogenesis and the
glycolytic pathway are shown in Figure 19-1. After
transaminartion or deaminarion, glucogenic amino acids
vield either pyruvare or intermediaces of the citric acid
cycle. Therefore, the reactions described above can ac-
count for the conversion of both glucogenic amino
acids and lacrate to glucose or glycogen. Propionate is a
major source of glucose in ruminants and enters gluco-
neogenesis via the citric acid cvcle, Propionarte is esteri-
fied with CoA, then propionyl-CoA, is carboxylated o
p-methylmalonyl-Cod, catalyzed by propionyl-CoA
carboxylase, a biotin-dependent enzyme (Figure 19-2).
Methylmalonyl-CoA racemase cawlyzes the conver-
sion of D-methylmalonyl-CoA to 1-methylmalonyl-
CoA, which then undergoes isomerization to succinyl-
CoA catalvzed by methylmalonyl-CoA  isomerase.
This enzyme requires vitamin B, as a coenzyme, and

deficiency of this vitamin results in the excretion of

methylmalonate {methylmalonic aciduria).

Cys and Cyy fary acids are found parvicularly in the
lipids of ruminant. Dietary odd-carbon farry acids
upon oxidaton yield propionate (Chaprer 22), which is
a substrate for gluconeogenesis in human liver.

Glveerol is released from adipose tissue as a result of

lipolysis, and only tissues such as liver and kidney that
possess glycerol kinase, which caralyzes the conversion
of glycerol to glycerol 3-phosphate, can urilize i Glye-
erol 3-phosphate may be oxidized to dihydroxyacetone

CoA —5H

phosphate by NAD catalyred by glycerol-3-phos-
phate dehydrogenase,

SINCE GLYCOLYSIS & GLUCOMNEOGEMESIS
SHARE THE SAME PATHWAY BUT IN
OPPOSITE DIRECTIONS, THEY MUST

BE REGULATED RECIPROCALLY

Changes in the availability of substrates are responsible
for maost changes in metabolism either directly or indi-
rectly acting via changes in hormone secretion. Three
mechanisms arc responsible for regulating the activity
of enzymes in carbohydrate metabolism: {1) changes in
the rate of enzyme synthesis, (2) covalent madification
by reversible phosphorylation, and (3} allosteric effects.

Induction & Repression of Key Enzyme
Synthesis Requires Several Hours

The changes in enzyme activity in the liver that ocour
under various metabolic conditions are listed in Table
12-1. The enzymes involved caralyze nonequilibrium
{physiologically irreversible} reactions. The effects are
generally reinforced because the activity of the enzymes
catalvzing the changes in the opposite direction varies
reciprocally (Figure 19-1). The enzymes involved in
the urilization of glucose (ie, those of glycalysis and li-
pogenesis) all become more active when there is a su-
perfluity of glucose, and under these conditions the en-
zymes responsible for gluconcogenesis all have low
activity., The secredon of insulin, in response to in-
creased blood glucose, enhances the synthesis of the key
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Figure 19-2. Metabolism of propionate,
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Table 19-1. Regulatory and adaptive enzymes of the rat (mainly liver),

| Activityln |
| Carbo- | Starva-
i hydrate | tion and
i Feeding | Diabetas i Inducer Repressor Activator Inhibitor
Enzymes of glycogenasis, glycolysis, and pyruvate oxidation |
Glycogen synthase | L Insulin ! Insulin Glucagon (cAMP) phos-
system ; ! Glucass 6 phorylase, glycogen
phosphate’
Hexokinase I Glucose 6-phosphate’
Glucokinase T i Insulin Glucagon
| ' {cAMP)
Phosphofructokinase-1 P L Insulir iGlucagon | AMP, fructose 6- | Citrate (fatty acids, ketone
i{{cAMP] | phosphate, P, fruc- | bodies),' ATP,' glucagon
i tose 2,6-hisphos- | {cAMP)
i phate'
Pyruvate kinase T i Insulin, fructose | Glucagon | Fructose 1,6- ATP, alanine, glucagon
: {cAMP) bisphosphate’,in- | {cAMP), epinephrine
: sulin
Pyruvate dehydro- | 1 I Cof, MAD®, insu- | Acetyl-Cof, NADH, ATP
genasa i lin,” ADP, pyruvate | (fatty acids, ketone bodies)
Enzymes of gluconeogenesis !
Pyruvate carboxylase | L T Glucocarticoids, | Insulin Acetyl-Cod! ADP'
} glucagon, epi- |
! nephrine [cAMP) |
Phosphoenolpyruvate 1 T Glucocorticoids, ! Insulin Glucagon?
carbowykinase I glucagan, epi-
nephrine {cAMP)
Fructose-1,6- il T Glucocorticoids, | Insulin Glucagon [cAMP] | Fructose 1,6- hisphosphate,
bisphosphatase E glucagon, epi- AMP, fructose 2 6-bisphos-
i nephrine {cAMP) phate’
Glucose-6-phosphatase | | T Glucacorticoids, | Insulin
i glucagen, epi-
' nephrine {cAMP)
Enzymes of the pentose phosphate pathway and lipogenasis |
Glucose-G-phosphate ,F T Insulin i
dehydrogenase .
6-Phosphogluconate i T 4 Insulin '
dehydrogenase :
“Malic enzyme" ! 1 Insulin
ATP-citrate lyase ' i+ Insulin
Acetyl-Coh carbowylase | T i Insulin? ! Citrate,'insulin | Long-chain acyl-Cof, cAMP,
i i glucagon
Fatty acld synthase T L Insulin? ‘.
"Allosteric.

‘In adipase tissue but not in lver,
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enzymes in glycolysis, Likewisc, it antagonizes the effect
of the glucocorticoids and glucagon-stimulated cAMDP,
which induce synthesis of the key enzymes responsible
for gluconeogenesis,

Baoth dehydrogenases of the pentose phasphate
pathway can be classified as adaptive enzymes, since
they increase in activity in the well-fed animal and
when insulin is given w0 a diabetic animal. Acoviey is
low in diabetes or starvagion, “Malic enzyme”™ and
ATP-citrate lyase behave similarly, indicating thar these
two enzymes are involved in lipogenesis rather than
gluconcogenesis {Chapeer 217,

Covalent Modification by Reversible
Phosphorylation Is Rapid

Glucagon, and 1o a lesser extent epinephrine, hor-
mones that are responsive to decreases in blood glucose,
inhibit glycolysis and stimulate gluconeogenesis in the
liver by increasing the concentration of cAMP, This in
turn activates cAMP-dependent protein kinase, leading
to the phosphorylaon and inactivarion of pyruvate
kinase. They also affect the concentration of frucrose
2.0-bisphosphate and therefore glycolysis and gluco-
neogenesis, as explained below.,

Allosteric Modification Is Instantaneous

[n pluconcogenesis, pyruvate carboxylase, which cata-
lyzes the synthesis of oxaloacctare from pyruvate, re-
quires aceryl-CoA as an allosteric activator, The pres-
ence of acetyl-CoA results in a change in the tertiary
structure of the protein, lowering the &, value for bi-
carbonate. This means that as accryl-CoA is formed
from pyruvate, it automatically ensures the provision of
oxaloacetate and, therefore, its furcher oxidation in the
citric acid cyele, The activation of pyruvate carboxylase
and the reciprocal inhibition of pyruvate dehydrogen-
ase by aceryl-CoA derived from the oxidation of facy
acids cxplains the action of fatty acid oxidation in spar-
ing the oxidation of pyruvace and in stimulating gluco-
neogenesis. The reciprocal relatonship berween these
two enzymes in both liver and kidney alters the meea-
bolic fate of pyruvate as the tissuc changes from carbo-
hydrate oxidavion, via glycolysis, w gluconeogenesis
during transivion from a fed o a starved stare (Figure
19-1}). A major role of farty acid oxidaton in promot-
ing gluconcogenesis is to supply the requirement for
ATT. Phosphofructokinase (phosphofructokinase-1)
occupics a key position in regulacing glycolysis and is
also subject to feedback control. [t is inhibited by cit-
rate and by ATP and 15 activated by 5-AMP. 5-AMP
acts as an indicator of the energy status of the cell. The

presence of adenylyl kinase in liver and many other
t]l.'L‘;L“,';ﬂ ﬂ]]{’“’s m]”id :qujlihrﬂtl‘ﬂﬂ nf [hf lﬂ'acrlll:]n:

ATP + AMP < 2ADP

Thus, when AT is used in energy-requiring processes
resulting in formation of ADP, [AMP] increases. As
[ATT] may be 50 times [AMP] at equilibrium, a small
fractional decrease in [ATP] will cause a severalfold in-
crease in [AMP], Thus, 2 large change in [AMP] acts as
a metabolic amplifier of a small change in [ATP]. This
mechanism allows the activity of phospholructokinase-1
1o be highly sensitive to even small changes in energy
status of the cell and o control the quantity of carbohy-
drate undergoing glycolysis prior to its entry into the
citric acid eyele. The increase in [AMDP] can also explain
why glycolysis is increased during hypoxia when [ATP]
decreases. Simultaneously, AMP activates phosphory-
lase, increasing glycogenolysis. The inhibition ufpl:us-
phoftuctokinase-1 by civate and ATD is another expla-
nation of the sparing action of farry acid oxidation on
glucose oxidanon and also of the Pasteur effect,
whereby serobic oxidarion (via the citric acid cycle) in-
hibits the anaerobic degradation of glucose. A conse-
quence of the inhibition of phosphofructokinase-1 is an
aceumulation of glucose 6-phosphate thar, in wren, in-
hibits further uptake of glucose in extrabeparic rissues
by allosteric inhibition of hexokinase.

Fructose 2,6-Bisphosphate Plays a Unique
Role in the Regulation of Glycolysis &
Gluconeogenesis in Liver

The most potent positive allosteric effector of phospho-
fructakinase-1 and inhibitor of fructose-1,6-bisphos-
phatase in liver is fructose 2,6-bisphosphate. It re-
licves inhibition of phosphofructokinase-1 by ATT and
increases affinity for fructose 6-phosphate, It inhibits
fructase-1,6-bisphosphatase by increasing the &, for
fructose 1,6-bisphosphate. Its concentration is under
both substrate (allosteric) and hormonal conerol {cova-
lent modification) (Figure 19-3),

Fructose 2,6-bisphosphate is formed by phosphory-
lacion of fructose G-phosphate by phosphofructoki-
nase-2. The same enzyme protein is also responsible for
its breakdown, since it has fructose-2,6-bisphos-
phatase activity. This bifunctional enzyme is under
the allosteric control of fructose G-phosphate, which
stimulates the kinase and inhibits the phosphatase.
Hence, when glucose is abundant, the concentration of
fructase 2,6-bisphosphate increases, stimulating glycol-
ysis by activating phosphofrucrokinase-1 and inhibiting
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Figure 19-3. Control of glycolysis and gluconeoge-
nesis in the liver by fructose 2,6-bisphosphate and the
bifunctional enzyme PFK-2/F-2,6-Pase (6-phospho-
fructo-2-kinase/fructose-2 6-bisphosphatase). (PFK-1,
phosphofructokinase-1 [6-phosphofructo-1-kinase];
F-1,6-Pase, fructose-1,6-bisphosphatase, Arrows with
wawy shafts indicate allosteric effects.)

fructose-1,6-bisphosphatase, When glucose is shar,
glucagon stimulates the production of cAMDP, activac-
ing cAMP-dependent protein kinase, which in tum in-
activates phosphofructokinase-2 and activares fructose
2,6-bisphosphatase by phosphorylation, Thercfore, glu-
coneogenesis is stimulated by a decrease in the concen-
tration of fructose 2,6-bisphosphate, which deactivares
phosphofructokinase-1 and deinhibits frucrose-1,6-his-
phosphatase, This mechanism also ensures that glu-
cagon stimulation of glycogenolysis in liver results in
plucose release rather than glycolysis,

Substrate (Futile) Cycles Allow Fine Tuning

It will be apparent that the control poines in glycolysis
and glycogen metabolism involve a eycle of phosphory-
lation and dephosphorylation caralyzed by: glucokinase
and glucose-6-phosphatase; phosphofructokinase-1 and
fructose-1,6-bisphosphatase; pyruvare kinase, pyruvare
carboxylase, and phosphoenolypyruvare carboxykinase;
and glveogen synthase and phosphorvlase, If these were
allowed to cycle unchecked, they would amount to fu-
tile cycles whose net resule was hydrolysis of ATP, This
does nor ocour extensively due o the various control
mechanisms, which ensure thar one reaction is inhib-
ited as the ather 15 stimulaced, However, there is a phys-
iologic advantage in allowing some cycling, The rate of
nee glycolysis may increase several chousand-fold in re-
sponse to stimulaton, and this is more readily achieved
by both increasing the acovity of phosphofructokinase
and decreasing thar of fructose bisphospharase if both
are active, than by swicching one enzyme “on” and the
other “off” completely. This “fine uning” of metabolic
control occurs at the expense of some loss of ATP,

THE CONCENTRATION OF BLOOD
GLUCOSE IS REGULATED WITHIN
NARROW LIMITS

In the postabsorprive state, the concentration of blood
glucose in most mammals is maintained berween 4.5
and 5.5 mmol/L. After the ingestion of a carbohydrare
meal, it may rise 1o 6.5-7.2 mmol/L, and in starvation,
it may fall o 3.3-3.9 mmol/L. A sudden decrease in
blood glucose will cause convulsions, as in insulin over-
dose, owing to the immediate dependence of the brain
on a supply of glucose. However, much lower concen-
trations can be rolerated, provided progressive adapra-
tion is allowed. The blood glucose level in birds is con-
siderably higher (14.0 mmol/L) and in ruminancs
considerably lower (approximately 2.2 mmol/L in
sheep and 3.3 mmol/L in caude). These lower normal
levels appear o be associared with the fact thar rumi-
nanes ferment virtwally all diecary carbohydrace o lower
{volarile) farry acids, and these largely replace glucose as
the main metabolic fuel of the rissues in the fed condi-
tion.

BLOOD GLUCOSE IS DERIVED FROM
THE DIET, GLUCONEOGENESIS,
& GLYCOGENOLYSIS

The digesuble dictary carbohydrares yield glucose,
galactose, and fructose that arc transporced via the
hepatic portal wvein to the liver where galactose and
fructose are readily converted o glucose (Chaprer 20),



GLUCONEOGENESIS & CONTROL OF THE BLOOD GLUCOSE | 159

Glucose is formed from two groups of compounds
that undergo gluconcogenesis (Figures 164 and 19-1):
(1) those which involve a direct net conversion to glu-
cose without significant recycling, such as some amino
acids and propionate; and (2) those which are the
products of the metabolism of glucose in tissues. Thus,
lactate, formed by glycolysis i skeletal muscle and
erythrocytes, is transported to the liver and kidney
where it re-forms glucose, which again becomes avail-
able via the circulation for oxidation in the tissues. This
process is known as the Cori cyele, or lactic acid cycle
{Figure 19—4). Triacylglveerol glyceral in adipose tissue
is derived from blood glucose, This triacylglyeerol is
continuously undergoing hydrolysis o form free glye-
erol, which cannot be urilized by adipose tssue and 15
converted back to glucose by gluconcogenic mecha-
nisms in the liver and kidney (Figure 19-1).

OF the amino acids transported from muscle to the
liver during starvation, alanine predominates. The glo-
cose-alanine cycle (Figure 19-4) transports glucose
from liver to muscle with formation of pyruvate, fol-
lowed by transamination to alanine, then transports
alanine to the liver, followed by gluconeogenesis back
to glucose, A net transfer of amino nitrogen from mus-
cle to liver and of free energy from liver to muscle is ef-
fected. The energy required for the hepatic synthesis of
Eucusc from pyruvate is derived from the oxidaton of

wy acids,

Glucose 15 also formed from liver glycogen by
ghrecogenalysis {Chapeer 18},

Metabolic & Hormonal Mechanisms
Regulate the Concentration
of the Blood Glucose

The maintenance of stable levels of glucose in the blaad
is one of the most finely regulated of all homeostatic
mechanisms, involving the liver, extrahepatic tissues,
and several hormones. Liver cells are fre:f; permeable
1o glucose (via the GLUT 2 transporter), whereas cells
of extrahepatic tissues (apare from pancreatic B islees)
are relatively impermeable, and their glucose erans-

rters are tegulated by insuling As a result, uprake
rom the bloodstream is the rate-limiting step in the
utilization of glucose in exerahepatic tssues. The role of
various glucose transporter proteins found in cell mem-
branes, each having 12 transmembrane domains, is

shown in Table 19-2.

Glucokinase Is Important in Regulating
Blood Glucose After a Meal

Hexokinase has a low &, for glucose and in the liver is
saturated and acting at a constant rate under all normal
conditions. Glucokinase has a considerably higher £,
{lower affinity) for glucose, so that its activity increases
over the physiologic range of glucose concentrations
(Figure 19-3). It promotes hepatic upeake of large
amounts of glucose at the high concentrations found in
the hepatic portal vein after a carbohydrate meal. It is
ahsent from the liver of ruminants, which have lictde

Figure 19-4. The lactic acid (Corl) cycle and glucose-alanine cycle,
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Table 19-2. Glucose transporters.

| Tissue Location Functions
Facilitative bidiractional transparters
GLUT 1 | Brain, kidney, colon, placenta, erythrocyte Uptake of glucose
GLUT 2 | Liver, pancreatic B cell, small intesting, kidney 1 Rapld uptake and release of glucose
GLUT 3 | Brain, kidnay, placenta Uptake of glucoss

GLUT 4 | Heart and skeletal muscle, adipose tissus

Insuilin-stimulated uptake of glucase

GLUT 5 [ 5mall intestine

Absorption of glucass

Sodium-dependent unidirectional transporter
SGLT Y 15mallintestine and kidney

Active uptake of glucose from lumen of intestine and
reabsorption of glucose in proximal tubule of kidney
against a concentration gradient

glucose entering the portal circulation from the intes-
rines,

At normal sysremic-blood glucose concentrations
(4.5-5.5 mmol/L}, the liver is a ner producer of glu-
cose. However, as the glucose level rises, the ourpur of
glucose ceases, and there is a net uptake.

Insulin Plays a Central Role in
Regulating Blood Glucose

In addition to the direct effeces of hyperglycemia in en-
hancing the uptake of glucose into the liver, the hor-
mone insulim plays a central role in regularing blood glu-
cose, Io s pmduc:d by the B cells of :ﬁ: islets of
Langerhans in the pancreas in response to hyper-
glycemia. The B isler cells are freely permeable to glu-

Vi 100 =
o Hexokinasa

Glucokinase

I 1 1 I |
0 5 10 15 20 25

Blood ghicose (mmaliL)

Figure 19-5. Variation in glucose phosphorylating
activity of hexokinase and glucokinase with increase of
blood glucose concentration. The K, for glucose of
hexakinase is 0.05 mmaoal/L and of glucokinase is 10
ramal/L.

cose via the GLUT 2 transporter, and the glucose is
phosphorylated by glucokinase. Therefore, increasing
blood glucose increases metabolic flux through glycaly-
sis, the citric acid cycle, and the generation of ATP. In-
crease in [ATP] imhibics ATP-sensitive K* channels,
causing depolarization of the B cell membrane, which
increases Ca™ influx via volrage-sensitive Ca™ channels,
stimulating exocytosis of insulin. Thus, the concentra-
tion of insulin in the blood parallels thar of the blood
glucose, Oither substances causing release of insulin from
the pancreas include amino acids, free farty acids, ketone
bodies, glucagon, secretin, and the sulfonylurea drugs
tolbutamide and glyburide. These drugs are used to
stimulate insulin secretion in type 2 diabetes mellitus
(NIDDM, non-insulin-dependent diabetes mellitus);
they act by inhibiting the ATP-sensitive K' channels.
Epinephrine and norepinephrine block the release of in-
sulin. Insulin lowers blood glucose immediately by en-
hancing glucose transport into adipose tissue and muscle
by recruitment of glucose transporters (GLUT 4) from
the interior of the cell to the plasma membrane, Al-
though it does not affect glucose uprake into the liver
directly, insulin does enhance long-term uprake as a re-
sult of its actions on the enzymes controlling glycolysis,
glycogenesis, and gluconeogenesis (Chaprer 18).

Glucagon Opposes the Actions of Insulin

Glucagon is the hormone produced by the A cells of
the pancreatic islets. les secredon is samulated by hypo-
ghrecemia, In the lver, it stimulates glycogenolysis by ac-
tivating phosphorylase. Unlike cpinephrine, glucagon
does not have an effect on muscle phosphorylase,
Glucagon alsa enhances gluconcogencsis from amino
acids and lactate. In all these actions, glucagon acts via
gencration of cAMP (Table 19-1). Both hepatic
glycogenolysis and gluconeogenesis coneribute w the
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hyperglycemic effect of glucagon, whose actions op-
pose thase of insulin, Most of the endogenous glucagon
{and insulin) is cleared from the circulation by the liver.

Other Hormones Affect Blood Glucose

T|.‘:|:.' anterior Fitlr.i sl.n.ﬂ.d secretes hurn‘l.um.'s I.]tat
tend o clevare che blood gluumﬂ and therefore ancagn-
nize the action of insulin, These are gmwlh hormone,
ACTH (corticotropin}, and possibly other “diabeto-
eie” hurn‘iuhu. Gt'uwtl'l ]mrmum- sectelion is stimu-
lated by hypoglveemia; it decreases gi,lutmx: uptake in
muscle, Some of this effect may not be direct, since it
stimulates mobilization of free farty acids from adipose
11'55u1:, which Lhum;u.'['l.rcs inhibit g[u{.‘::sc utﬂi:z;lliun. T]'n.'
glucocorticoids (11-oxysteroids) are secreted by the
adrenal cortex and increase glucuntngum:ﬁis. This is a
result of enhanced hc]:r:uic uplakr_- of amino acids and
increased a.{_'lll'l."i.l_'!." urnmihutransﬁ:tucs and Iu.']r' ChEymes
:Jfg[u.t_'nnl_'ngcnr_'sjs. In additon. glucocorticoids inthibit
the wtilization of glucose in extrahepatic tissues. In all
these actions, glucocorticoids ace in a manner antago-
nistic o insulin
Epinephrine is secreted by the adrenal medulls as a
result of stressful stimuli (fear, excitement, hemaorthage,
]‘L}-ﬁ;uxia. h}rpugl}'r:cm'l:l, erc) and leads o gjytugcnul}rﬁs
in liver and muscle owing o stmulation of phosphory-
lase via generation of eAMP. In muscle, glycogenolysis
results in increased glyeolysis, whereas in liver glucose is
the main product leading to increase in blood glucose,

FURTHER CLINICAL ASPECTS

Glucosuria Occurs When the Renal
Threshold for Glucose Is Exceeded

When the blood glucose rises 1o relatively high levels,
the kidney also exerts a regulatory effect. Glucose s
continuously filtered by the glomeruli but is normally
completely reabsorbed in the renal tubules by active
transport. The capacity of the tbular system o reab-
sorh glucose is limited to s rate of abour 350 mg/min,
and i hyperglycemia {as occurs in poorly controlled di-
abetes mellitus) the glomerular filerate may contain
more glucase than can be reabsorbed, resulting in gla-
cosuria. Glucosuria occurs when the venous blood glu-
cose concentration exceeds 9.5-10.0 mmaol/L; this s
termed the renal threshold for glucose.

Hypoglycemia May Occur During
Pregnancy & in the Neonate
During pregnancy, fetal glucose consumption increases

and there is a nisk of maternal and possibly fetal hypo-
ghreemia, particularly if there are long intervals between

meals or ar night. Furthermore, premature and low-
birth-weight babics are more susceptible o hypo-
glyeemia, since they have little adipose ussue to gener-
ate alernative fuels such as free fany acids or ketone
bodics during the transition from fetal dependency to
the free-living state. The enzymes of gluconcogenesis
may nat be completely functional at this tme, and the
process is dependent on a supply of free facty acids for
energy. Glyeerol, which would normally be released
from adipose tissue, 15 less available for gluconeogenesis.

The Body's Ability to Utilize Glucose
May Be Ascertained by Measuring Its
Glucose Tolerance

Glucose tolerance is the ability to regulate the blood
glucose concentration afer the adminiscration of a test
dose of glucose (normally 1 g/kg body weight) (Figure
19-6). Diabetes mellitus (type 1, or insulin-dependent
diabetes mellitus; IDDM) is characterized by decreased
glucose rolerance due to decreased secretion of insulin
in response to the glucose challenge. Glucose tolerance
is also impaired in type 2 diabetes mellitus (NIDDM),
which is often associated with obesity and raised levels
of plasma free farry acids and in conditions where the
liver is damaged; in some infecrions; and in response to
some drugs, Poor glucose tolerance can also be expected
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Figure 19-6. Glucose tolerance test. Blood glucose
curves of a normal and a diabetic individual after oral
administration of 50 g of glucose. Mote the initial raised
concentration in the diabetic, A criterion of normality is
the return of the curve to the initial value within 2 hours.
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due 1o hyperactivity of the pituitary or adrenal cortex
because of the antagonism of the hormones seereted by
these glands to the action of nsulin.

Administracion of insulin (as in the reatment of di-
abetes mellitus type 1) lowers the blood glucose and in-
creases its utilization and storage in the liver and muscle
a5 ghveogen. An excess of insulin may cause hypo-
glycemia, resulting in convulsions and cven in death
unless glucose is administered promply. Increased tol-
erance to glucose is abserved in pituitary or adrenocor-
tical insufficiency—attributable to a decrease in the an-
tagonism to insulin by the hormones normally seereted

by these glands,
SUMMARY

* Gluconeogenesis is the process n!'r_umr.rr.ing noncar-
i:luh:.-'rjr:l[ui (KH] gl.l.“.ﬂ'“. or gi].l'LugLn. Il. 15 Ui FMr[!Lu]a.r
importance when carhohydrate is not available from
the dier. Significant substrates are amino acids, lac-
wate, glycerol, and propionate.

* The pathway of gluconcogenesis in the liver and kid-
ney utilizes those reactions in glycolysis which are re-
versible plus four addidonal reactions that circum-
vent the irreversible nonequilibrium reactions,

* Since glycolysis and gluconeogenesis share the same
pathway bur operate in opposite directions, their ac-
rivitics are regulated reciprocally,

= The liver regulates the blood glucose after a meal be-
CaLse 1‘[ l.'(?n!:l.llnﬁ [I'H: hi.gl'l-.l;{;" g[u-r.‘nlulnaﬁl: li:lal'. PT‘.P—
motes increaseed i'u:pat'l{_' utilization ufg]u-:.‘m;u.

= Insulin is sccreted as a direet response to hyper-
glycemia; it stimulates the liver to store glucose as
glycogen and facilitates uptake of glucose into extra-
heparic tissues.

* Glucagon is secrered as a response to hypoglycemia
and activares both glycogenolysis and gluconeogene-
sis in the liver, causing release of glucose into the

blood.
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The Pentose Phosphate
Pathway & Other Pathways
of Hexose Metabolism

Peter A. Mayes, PhD, DSc, & David A. Bender, PhD

BIOMEDICAL IMPORTANCE

The pentose phosphate pathway is an alternative route
for :Ee metabolism of glucose. It does not generate
ATP bur has two major funciions: (1) The formartion of
NADPH for synthesis of Farry acids and sreroids and
(2) the synthesis of ribose for nucleotide and nucleic
acid formation. Glucose, frucrose, and galacrose are the
main hexoses absorbed from the gastrointestinal rract,
derived principally from dietary starch, sucrose, and
lactose, respectively. Fructose and galactose are con-
verted to glucose, mainly in the liver.

Genetic deficiency of glucose 6-phosphate dehydro-
genase, the first enzyme of the pentose phosphate path-
way, is a major cause of hemolysis of red blood cells, re-
sulting in hemolytic anemia and affecting approximately
100 million people worldwide. Glucuronic acid is synthe-
sized from glucose via the uronic acid pathway, of major
significance for the excretion of merabolites and foreign
chemicals (xenobiotics) as glucuronides. A deficiency in
the pathiweay leads 1o essential pentosuria. The lack of
one enzyme of the pathway (gulonolactone oxidase) in
primates and some other animals explains why ascorbic
acid (vitamin C) is a dietary requirement for humans but
not most other mammals. Deficiencies in the enzymes of
fructose and galactose merabolism lead 1w essential fruc-
tosuria and the galactosemias.

THE PENTOSE PHOSPHATE PATHWAY
GENERATES NADPH & RIBOSE
PHOSPHATE (Figure 20-1)

The pentose phosphate pathway (hexose monophos-
phate shunt) is a more complex pathway than glycaly-
sis. Three molecules of glucose G-phosphate give rise
three molecules of CO, and three five-carbon sugars.
These are rearranged to regencrate two molecules of
ghicose G-phosphare and one molecule of the glycolyric
intermediate, glyeeraldehyde 3-phosphare, Since two
molecules of glyceraldchyde 3-phosphace can regencrate
glucose G-phosphare, the pathway can account for the
complete oxidation of glucose.
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REACTIONS OF THE PENTOSE
PHOSPHATE PATHWAY OCCUR
IN THE CYTOSOL

The engymes of the pentose phmpl‘ntc pathway, as of
E[}'Eﬂ]}-“ul}. are cytosolic. As in glyeolyss, oxidation
1% ac ||:\.r¢:d by dehydrogenation; but NADP* and net
NAD" is the hydrogen scceptor. The sequence of reac-
tions of the pathway may be divided into owo phases: an
oxidative nonreversible phase and a nonoxidative re-
versible phase. In the fist phase, glucose 6-phosphate
undergoes dehydrogenation and decarboxylation to yield
a pentose, ribulose 3-phosphare. In the second phase,
ribulose 5- ph:wph.n: 15 converted back to glucose G-phas-
phate by a series of reactions involving mainly two en-

Zymes: transketolase and transaldolase (Figure 20-1}.

The Oxidative Phase Generates NADPH
(Figures 20-1 and 20-2)

Dehydrogenation of glicose 6-phosphate w 6-phos-
phogluconare occurs via the formation of 6-phospho-
gluconolactone, carabyzed by  glucose-6-phospharte
dehydrogenase, an NAD-dependent enzyme. The
hydrolysis of 6-phosphogluconolactone is accomplished
by the cnzyme gluconolactone hydrolase. A sccond
oxidative step is catalyzed by 6-phosphogluconate de-
hydrogenase, which also requires NADP" as hydrogen
acceptor and involves decarboxylation followed by for-
mation of the ketopentose, ribulose 5-phosphate.

The Nonoxidative Phase Generates
Ribose Precursors

Ribulose 3-phosphate is the substrate for two enzymes.
Ribulose 5-phosphate 3-epimerase alters the configu-
ration about carbon 3, forming another ketopentose,
uylulose 5-phosphate. Ribose 5-phosphate ketoisom-
erase converts ribulose 5-phosphate to the correspond-
ing aldopentose, ribose 5-phosphate, which is the pre-
cursor of the ribose required for nucleotide and nucleic
acid synthesis. Transketolase transfers the rwo-carbon
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Figure 20-17. Flow chart of pentose phosphate pathway and its connections with the pathway
of glycolysis, The full pathway, as indicated, consists of three interconnected cycles in which glu-
cose 6-phosphate is both substrate and end product. The reactions above the broken line are
nonreversible, whereas all reactions under that line are freely reversible apart from that catalyzed
by fructose-1,6-bisphosphatase.
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unit comprising carbons 1 and 2 of a ketose onto the
aldchyde carbon of an aldase sugar. It thercfore effeces
the conversion of a ketose sugar into an aldose with two
carbons less and simultancously converts an aldose sugar
into a ketose with twoe carbons mare, The reaction re-
quires Mg™* and thiamin diphosphate (viramin B) as
coengyme, Thus, transketolase catalyzes the transfer of
the two-carbon unit from xvlulose 3-phosphate to nbose
3-phosphate, producing the seven-carbon ketose sedo-
heptulose 7-phosphate and the aldose glyceraldehyde
3-phosphate. Transaldolase allows the wansfer of a
three-carbon dihydroxyacetone moicty (carbons 1-3)
from the ketose sedoheprulose 7-phosphate onto the al-
dose glyceraldehyde 3-phosphate to form the ketose
fructose G-phosphare and the four-carbon aldose ervthrose
d-phosphate. In a further reaction catalyzed by transke-
tolase, xylulose S-phosphate donates a rwo-carbon unic
to crythrose 4-phosphate to form fructose G-phosphate
and glveeraldehyde 3-phosphate,

In order to oxidize glucose completely o €O, via
the pentose phosphate pathway, there must be enzymes
present in the tissue to convert glyceraldehyde 3-phos-
phate to glucose G-phosphate, This involves reversal of
glhycolysis and the gluconcogenic enzyme fructose 1,6-
bisphosphatase. [n tissues that lack this enzyme, glye-
eraldehyde 3-phosphate follows the normal pathway of
glycolysis to pyruvare,

The Two Major Pathways for the
Catabolism of Glucose Have
Little in Common

Although glucose 6-phosphate is common o both
pathways, the pentose phosphate pathway is markedly
different from glycolysis, Oxidation urilizes NADTP
rather than NAD, and CO., which is not proeduced in
glycolysis, is a characreristic product, Mo ATP is gener-
ated in the pentose phosphate pathway, whereas ATP is
a major product of glycolvsis,

Reducing Equivalents Are Generated
in Those Tissues Specializing
in Reductive Syntheses

The pentose phosphate pathway is active in liver, adiposc
tissuc, adrenal cortex, thyroid, erythrocytes, testis, and
lactating mammary gland. lts activiey is low in nonlacta-
ing mammary gland and skeleal muscle. Those ossues in
which the pathway is active use NADT'H in reductive
syntheses, g, of fatty acids, sterotds, amino acids via glu-
ramate dehydrogenase, and reduced glutathione, The
synthesis of glucose-0-phosphate  dehydrogenase and
G-phosphogluconate dehydrogenase may also be induced
by insulin during conditions associated with the “fed
state” {Table 19-1), when lipogenesis increases.

Ribose Can Be Synthesized in Virtually
All Tissues

Litdde or no ribose circulates in the bloodstream, so ts-
sues must synthesize the ribose required for nucleotide
and nucleic acid synthesis (Chaprer 34). The source of
ribose S-phosphate is the pentose phosphate pathway
{Figure 20-2). Muscle has only low activity of glucose-
G-phosphate  dehydrogenase and G-phosphogluconare
dehydrogenase. Mevertheless, like most other tissues, it
is capable of synthesizing ribose 5-phosphate by reversal
of the nonoxidative phase of the pentse phosphare
pathway utilizing fructose G-phosphare. It is not neces-
sary o have a completely functioning pentose phosphate
pathway for a tissue to synthesize ribose phosphates.

THE PENTOSE PHOSPHATE PATHWAY
& GLUTATHIONE PEROXIDASE PROTECT
ERYTHROCYTES AGAINST HEMOLY5IS

In erythrocyres, the pentose phosphate pathway pro-
vides NADPH for the reduction of oxidized glu-
tathione caralyzed by glutathione reductase, a flavo-
protein containing FAD. Reduced glutathione removes
H.Oy in a reaction catalyzed by glutathione peroxi-
dase, an cnzyme thar contains the seleniom analogue
of cysteine {sclenocysteine) ac the active site (Figure
20-3). This reaction is importane, since accumulation
of H.0), may decrease the life span of the erythrocyre
by cavsing omidacive damage o the cell membrane,
leading to hemalysis,

GLUCURONATE, A PRECURSOR OF

PROTEOGLYCANS & CONJUGATED
GLUCURONIDES, IS A PRODUCT OF
THE URONIC ACID PATHWAY

In liver, the uronic acid pathway catalyzes the conver-
sion of glucose ro glucuronic acid, ascorbic acid, and
pentoses (Figure 20-4). 1t is also an alternative oxidative
pathway for glucose, bur—like the pentose phosphate
pathway—it does not lead to the generation of ATP.
Glucose 6-phosphare is isomerized w glucose 1-phos-
phate, which then reacts with wridine wiphosphare
{(UTP) to form uridine diphosphate glucose (UDPGIe)
in a reaction catalyzed by UDPGle pyrophosphorylase,
as ocours in glycogen synthesis (Chaprer 18), UDPGIc is
oxidized at carbon 6 by NAD-dependent UDPGle de-
hydrogenase in a two-step reaction to yield UDP-glu-
curonate. UDP-glucuronare is the "active” form of glu-
curenate  for reactions involving  incorporation  of
glucuronic acid into proteoglycans or for reactions in
which substrates such as steroid hormones, bilirubin, and
a number of drugs are conjugated with glucuronate for
excretion in urine or bile (Figure 32-14),
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Figure 20-3. Role of the pentose phosphate pathway in the glutathione peroxidase re-
action of erythrocytes, (G-5-5-G, oxidized glutathione; G-5H, reduced glutathione; e, sele-

nium cofactor.)

Glucuronate 15 reduced o 1. gulmm-e in an NADPH-
dependent reaction: L-gulonate is the direct precursor of
ascorbate in those animals capable of synthesizing this
vitamin. In humans and other primartes as well as guinea
pigs, ascorbic acid cannot be synthesized because of the
absence of L- nolactone oxidase. 1-Gulonare 15 me-
tabolized uldmarely to D-xylulose 5-phosphate, a con-
stiuent of the pentose phosphate pathway.

INGESTION OF LARGE QUANTITIES
OF FRUCTOSE HAS PROFOUND
METABOLIC CONSEQUENCES

Diees high in sucrose or in high-fructose syrups used in
manufactured foods and beverages lead o large amounts
of fructose {and glucose) entering the hepatic porral vein.
Fructose undergoes more rapid glycolysis in the liver than
docs glucose because it bypasses the regulatory swep car-
alyzed by phosphofructokinase (Figure 20-5). This allows
fructose o flood the pathways in the liver, leading 1o cn-
hanced fatty acid synchesis, increased esterification of farry
acids, and increased VLDL secredon, which may raise
serum miacylghveerols and ulimarely raise LDL choles-
terol concentrations (Figure 25-6). A specific kinasc,
fructokinase, in liver (and kidney and intestine) catalyzes
the phosphorylation of fructose o fructose 1-phosphare.
This enzyme does not ace on glucose, and, unlike glucoki-
nasc, its activity is not affected by fasting or by insulin,
which may explain why fructose is cleared from the blood
of diabetic patients ar a normal race, Fructose 1-phos-
phate i cleaved o D-glyceraldehyde and dihydrosyace-
tonc phosphate by aldelase B, an cnzyme found in the
liver, which also funcrions in ghreolysis by cleaving fruc-
wse 1.6-bisphosphate. D-Glyceraldehyde enters glvcolysis
via phosphorylation to glyceraldehyde 3-phosphare, car-
alyzed by triokinase. The two triose phosphates, dihy-
droxyacctone phosphare and glyceraldehvde 3-phosphate,
may be degraded by glycolysis or may be substrates for al-
dolasc and hence gluconcogenesis, which is the fate of
much of the fructose meabolized in the liver,

In cxcraheparic ctissues, hexokinase catalyeres the
phosphorylation of most hexose sugars, including fruc-

rose. However, gJumse inhibirs the phasphnr-,r]a:tnn af
fructase since it is a berter substrare for hexokinase.
Mevertheless, some fructose can be metabolized in adi-
pose tissue and muscle. Fructose, a potendal fuel, is
tound in seminal plasma and in the feral circulation of
ungulares and whales. Aldose reductase is found in the
placenta of the ewe and is responsible for the secretion
of sorhital into the feral blood. The presence of ser-
bitol dehydrogenase in the liver, including the feral
liver, is responsible for the conversion of sorbitol into
fructose, This pathway is also responsible for the occur-
rence of fructose in seminal Auid.

GALACTOSE IS NEEDED FOR THE
SYNTHESIS OF LACTOSE, GLYCOLIPIDS,
PROTEOGLYCANS, & GLYCOPROTEINS

Galactose 15 denved from inceseinal hydrolysis of the
disaccharide lactose, the sugar of milk, Tt is readily con-
verted in the liver to glucose. Galactokinase catalyzes
the phosphorylation of galactose, using ATI as phos-
phate donor (Figure 20-6A). Galacrose 1-phosphare re-
acts with uridine diphosphate glucose (UDPGle) to
form uridine diphosphate galactose (UDPGal) and glu-
cose 1-phosphate, in a reaction catalyzed by galactose
1-phosphate wridyl transferase. The conversion of
UDTGal to UDPGe is catalyzed by UDPGal 4-cpim-
erase. Epimerization invelves an oxidation and reduc-
tion at carbon 4 with NAD?* as coenryme. Finally, glu-
cose 15 liberated from UDPGle after conversion m
glur_'usc I-phmphqtﬂ, ]':rnb:lH}r vid ian‘rumriun ko
glycogen followed by phosphorolysis [Chapeer 18),

Since the epimerase reaction 15 freely reversible, glu-
cose can be converted to galactose, so thar galactose 15
not a dictary essential. Galactose is required in the body
nat only in the formation of lactose but also as a con-
stituent of glycolipids (cerebrosides), proteoglycans,
and glycoproteins. In the synthesis of lactose in the
mammary gland, UDPGal condenses with glucose two
vield lactose, catalyzed by lactose synthase (Figure
20-68).
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Glucose Is the Precursor of All
Amino Sugars (Hexosamines)

Amino sugars are important components of glycopro-
teins (Chapter 47), of certain glycosphingolipids (g,
gangliosides) (Chaprer 14), and of glycosaminoglycans
{Chaprer 48), The major amina sugars are glucosa-
mine, galactosamine, and mannosamine and the
nine-carbon compound sialic acid, The principal sialic
acid found in human tssues is N-acetylneuraminic acid
{(NeuAc). A summary of the metabolic interrelationships
among the amino sugars is shown in Figure 207,

CLINICAL ASPECTS

Impairment of the Pentose Phosphate
Pathway Leads to Erythrocyte Hemolysis

Genetic deficiency of glucose-6-phosphate dehydrogen-
ase, with consequent impairment of the generation of
NADIH, is common in populations of Mediterranean
and Afro-Caribbean origin, The defect is manifested as
red cell hemolysis (hemolytic anemia) when suscepr-
ble individuals are subjected to oxidants, such as the an-
timalarial primaquine, aspirin, or sulfonamides or when
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Figure 20-6. Pathway of conversion of (A) galactose to glucose in the liver and (B) glucose to lactose in

the lactating mammary gland.

they have earen fava beans (Vicia frme—hence the rerm
favism), Glutathione peroxidase is dependent upon a
supply of MADPH, which in erythrocytes can be
formed only via the pentose phosphate pathway, It re-
duces organic peroxides and H,(O, as part of the body's
defense against hipid  peroxidadion  (Figure  14-21),
Measurement of erythrocyte transketalase and its acti-
wvatian by thiamin diphosphate is used to assess thiamin
nutrinional starus {Chaprer 45),

Disruption of the Uronic Acid Pathway Is
Caused by Enzyme Defects & Some Drugs

In the rare hereditary discase essential pentosuria, con-
siderable quanrities of L-xylulose appear in the urine
because of absence of the enzyme necessary o reduce
L-xylulose to xylicol. Parenteral administration of xvlitol
may lead 1o oxalosis, involving calcium oxalate deposi-
tion in brain and kidneys (Figure 20—4). Various drugs
markedly increase the rate ar which glucose enters the

uronic acid pathway. For example, administrarion of
barbital or of chlorobutanol to racs resules in a signifi-
cant increase in the conversion of glucose to glu-
curonare, L-gulonate, and ascorbare,

Loading of the Liver With Fructose
May Potentiate Hyperlipidemia
& Hyperuricemia

In the liver, fructose increases triacylglyeerol synthesis
and VLDL secretion, leading to hypermiacylglye-
erolemia—and increased LDL cholesterol—which can
be regarded as potenmally atherogenic (Chaprer 26, In
addition, acure loading of the liver with fructose, as can
occur with intravenous infusion or following very high
fructose intakes, causes sequestration of norganic phos-
phate in fructose 1-phosphate and diminished ATP
synthesis. As a resule there 15 less inhibition of de nove
purine synthesis by ATP and wric acid formaoon is in-
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creased, causing hyperuricemia, which is 2 cause of gout  fructose 1-phospharte, leads o hereditary fructose in-

{Chapeer 34). tolerance. Dicts low in fructose, sorbitol, and sucrosc
arc beneficial for both conditions. One consequence of

: : hereditary fructose intolerance and of another condi-
g?::::i I{: il;r:rl'.‘;t;.:i;';etabullsm - tion duc to fructose-1,6-bisphosphatase deficiency is
fructose-induced hypoglycemia despite the presence of

Lack of hepatic fructokinase causes essential fructo-  high glycogen reserves. The accumulation of frucrose

suria, and absence of heparic aldolase B, which cleaves I -phosphate and frucrose 1,6-bisphosphare allosterically
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inhibics the activity of liver phosphorylase, The seques-
tration of inorganic phosphate also leads to depletion of

ATP and hyperuricemia.

Fructose & Sorbitol in the Lens Are
Associated With Diabetic Cataract

Both fructese and sorbitol arc found in the lens of the
cye in increased concentrations in diabetes mellious and
may be involved in the pathogenesis of diabetic
cataract. The sorbirol (polyol) pathway (nor found in
liver) is responsible for fructose formation from glucosc
(Figure 20-5) and increascs in activity as the glucose
concentration rises in diabetes in those tssues thar are
not insulin-sensitive, ic, the lens, peripheral nerves, and
renal glomeruli, Glucose is reduced to sorbitol by al-
dose reductase, followed by oxidation of sorbitol o
fructose in the presence of NAD? and sorbitol dehydro-
genase (polyol dehydrogenase). Sorbitel docs noc dif-
tusc through cell membranes casily and accumulares,
causing osmotic damage. Simultancously, myoinositol
levels fall. Sorbitwl accumulation, myoinositol deple-
tion, and diabetic cataract can be prevented by aldosc
reductase inhibitors in diabetic rars, and promising re-
sults have been obrained in clinical crials.

W'hen sorbitol is administered intravenously, it is
converted to fructose racher than o glucose, It is poorly
absorbed in the small intestine, and much is fermented
by colonic bacteria to short-chain facry acids, CO,, and
H,. leading to abdominal pain and diarrhea (sorbirol
intolerance).

Enzyme Deficiencies in the Galactose
Pathway Cause Galactosemia

Inability to merabolize galacrose occurs in the galae-
tosemias, which may be caused by inherited defects in
galacrokinase, uridyl rransferase, or 4-epimerase (Figure
20-6A), though a deficiency in wridyl transferase is
the best known cause. The galactose concentrarion in
the blood and in the eye is reduced by aldose reducrase
o Ealac:iml. which accumulates, causing cararact. In
uridyl transferase deficiency, galacrose 1-phosphate ac-
cumulates and depletes the liver of inorganic phos-
phate. Ultimarely, Ev.'er failure and menral deterioration
result. As the epimerase is present in adequate amounts,
the galacrosemic individual can sill form UDPGal
from glucose, and normal growth and development can
occur regardless of the galacrose-free diets used 1o con-
trol che symproms of the disease.

SUMMARY

* The pentose phosphate pathway, present in the cy-
tosol, can account for the complere oxidarion of glu-
cose, producing NADPH and CO, bur not ATT.

* The pathway has an oxidative phase, which is irre-
versible and generates NALDPH; and a nonoxidanve
phasc, which is reversible and provides ribosc precur-
sors for nucleotide synthesis. The complete pathway
is present only in those tissues having a requirement
for MADPH for reductive syntheses, cg, lipogencsis
or steroidogenesis, whereas the nonoxidative phase is
present in all cells requiring ribose,

. ITI I:r}r"h rn:.‘}-'tl:s, t]'l.: Farhw.:].r ]'H]ﬁ E | n':a'[nr 'l'-l.]ntti:nn I"'l.
preventing  hemolysis by providing NADPH to
maintain glutathione in the reduced stare as the sub-
strate fﬂr g]ut:lth'lnnr F::‘J‘nx i.da.\?:.

* The uronic acid pathway is the source of glucuronic
acid for conjugation of many endogenous and exoge-
nous substances before excretion as glucuronides in
urine and bile.

* Fructose bypasses the main regulatory siep in glycol-
vsis, catalyzed by phosphofructokinase, and stimu-
lates fatry acid synthesis and hepatic triacylglycerol
secrerion.

* Galactose is s:,'nthfsi?.:c[ from E]ucm;: in the ]actutihg
mammary gland and in other dssues where it is re-
quired for the synthesis of glycolipids, proweoglycans,
and Ehfcopr{m:ins.
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Biosynthesis of Fatty Acids

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, D5c

BIOMEDICAL IMPORTANCE

Farty acids are synthesized by an extramitochondrial
system, which is responsible for the complete synthesis
of palmitate from acetyl-CoA in the cyrosol. In the rag,
the pathway is well represented in adipose tssuc and
liver, whercas in humans adipose tissuc may not be an
important site, and liver has only low acrivity, [n birds,
lipogenesis is confined o the liver, where it is parucu-
larly important in providing lipids for cgg formation. In
most mammals, glucose is the primary substrare for
lipogenesis, but in ruminanes it is acetace, the main fucl
molecule produced by the dict, Critical discases of the
pathway have not been reported in humans. However,
inhibition of lipogenesis occurs in ype 1 (insulin-de-
pendent) diaberes mellivus, and variations in irs actv-
ity may affece the nature and cxcene of obesity.

THE MAIN PATHWAY FOR DE NOVO
SYNTHESIS OF FATTY ACIDS
(LIPOGENESIS]) OCCURS

IN THE CYTOSOL

This system is present in many tissues, including liver,
kidney, brain, lung, manmary gland, and adipose tis-
sue. Its cofactor requirements include NADPH, ATP,
Mn’*, biatin, and HCO, (as a source of CO,). ﬁ.c:l:}'l
CoA is the immediate substrate, and free palmitate is
the end product,

Production of Malonyl-CoA Is
the Initial & Controlling Step
in Fatty Acid Synthesis

Bicarbonate as a source of €O, is required in the initial
reaction for the carboxylation of acetyl-CoA to mal-
onyl-CoA in the presence of AT and acetyl-CoA car-
boxylase. Acetvl-CoA carboxylase has a requirement
for the vitamin biotin fFiEurc 21-1). The enzyme 05 @
multienzyme protein containing a varisble number of
identical subunits, each containing biotin, biotn car-
boxylase, biotin carboxyl carrier protein, and transcar-
Mﬂy]a.w:, as 1.-'|:|] dsa rcgul:stnr}r u]]n.lit::ri.c site. TI'II: teac-
tion takes place in owo steps: (1) carboxylaton of biotn
involving ATP and (2} transter of the carboxyl w
aceryl-CoA to form malonyl-CoA.

173

The Fatty Acid Synthase Complex
Is a Polypeptide Containing
Seven Enzyme Activities

In bacreria and plants, the individual enzymes of the
fatty acid synthase system are separate, and the acyl
radicals are found in combination with a protein called
the acyl carrier protein (ACP). However, in yeast,
mammals, and birds, the synthase system is a multien-
gvme polypepride complex thar incorporates ACP,
which rakes over the role of CoA. It contains the vita-
min pantothenic acid in the form of 4'-phosphopan-
tetheine (Figure 45-18). The use of one multienzyme
functional unit has the advantages of achieving the cf-
fect of compartmentalization of the process within the
cell withour the erection of permeability barriers, and
synthesis of all enzymes in the complex is coordinared
since it is encoded by a single gene,

In mammals, the fary acid synthase complex is a
dimer comprising two identical monomers, each con-
taining all seven enzyme activities of fary acid synthase
on onc polypeptide chain (Figure 21-2). lnidally, a
priming molecule of acetyl-CoA combines with a cys-
teine —SH group catalyzed by acetyl transacylase
{Figure 21=3, reaction la). Malonyvl-CoA combines
with the adjacent —5SH on the 4'-phosphopantetheine
of ACP of the other monomer, catalyzed by malon}rl
transacylase (reaction 1b), to form acetyl (acyl)-mal
onyl enzyme. The aceryl group aracks the mc:hylcnc
group of the malonyl residue, caralyzed by 3-ketoacyl
synthase, and liberates CO,, forming 3-keroacyl en-
zvme (aceroaceryl enzyme) (reacrion 2), frecing the cys-
teine —5H group. Decarboxyvlation allows the reaction
to go o completion, pulling the whole sequence of re-
actions in the forward direction. The 3-ketoacyl group
is reduced, dehydrared, and reduced again (reactions 3,
4, 5) w form the corresponding saturated acyl-5-
enzyme. A new malonyl-CoA molecule combines with
the —5H of 4"-phosphopantetheine, displacing the sar-
urated acyl residue onto the free cysteine —SH group.
The sequence of reactions is repeated six more times
until a saturared L6-carbon acyl radical (palmicyl) has
been assembled. Ir s liberared from the enzyme com-
plex by the activity of a seventh enzyme in the complex,
thioesterase (deacylase). The free palmitate must be ac-
tivared to acyl-CoA before it can proceed via any other
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Figure 21-1.

metabolic pathway. Iis usual fare is esterification into
acylglycerals, chain elongation or desaturation, or ester-
ilication to cholesteryl ester. In mammary gland, there
is a separate thioesterase specific for acyl residues of Cy,
Cip ot Ty which are subsequently found in milk
lipids.

The equation for the overall synthesis of palmitate
from acetyl-CoA and malonyl-CoA is:

Cys
1
S-_H Sul:lu_rl't
$-IH divizion
4'-Phaospho-

Thioasterase

Ketoacyl
raductass

Figure 21-2.

Hydratass

ATP + HCO,

Biosynthesis of malonyl-Cod, (Enz, acetyl-CoA carboxylase.)

CH,CO 5 Cod + THOOC CH,CO -5 Col + TANADPH + 1447

— CH,(CH, ), COOH + 700, +6H 0 + BCoA - SH+ 14MADF™

The acetyl-CoA used as a primer forms carbon
atoms 15 and 16 of palmitate. The addition of all the
subsequent C, units is via malonyl-CodA. Propionyl-
CoA acts as primer for the synthesis of long-chain faty

4-Phospho-
panietheins

Katoacyl
syilhase

Maloryl

transacylase

Fatty acid synthase multienzyme complex. The complex is a dimer of two identical polypeptide

manomers, 1 and 2, each consisting of seven enzyme activities and the acyl carrier protein (ACP), (Cys—5SH, cys-
teine thiol.) The—S5H of the 4"-phosphopantetheine of one monomer is in close proximity to the—SH of the cys-
teine residue of the ketoacyl synthase of the other monomer, suggesting a “head-to-tail” arrangement of the two
manomers, Though each monamer contains all the partial activities of the reaction sequence, the actual func-
tional unit consists of one-half of one monomer interacting with the complementary half of the other. Thus, tweo
acyl chains are produced simultaneously. The sequence of the enzymes in each monomer is based on Wakil.
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acids having an odd number of carbon atoms, found
Fnrrirular[}r i ruminant fat and milk,

The Main Source of NADPH
for Lipogenesis Is the Pentose
Phosphate Pathway

NADPH is involved as donor of reducing equivalencs
in both the reduction of the 3-ketoacyl and of the 2,3-
unsaturated acyl derivatives (Figure 21-3, reactions 3
and 5). The oxidatve reactions of the pentose phos-
phate pathway (see Chapter 20) are the chief source of
the hydrogen required for the reductive synthesis of
farry acids. Significantly, tissues specializing in acrive
lipogenesis—ie, liver, adipose tissue, and the lacrating
mammary gland—also possess an active pentose phos-

phate pathway, Marcover, both metabolic pathways are
found in the ovtosal of the eell, so there are no mem-
branes or permeability barriers against the transfer of
NADPH. Other sources of NADPH include the reac-
tian that converts malate to pyruvate catalyzed by the
“malic enzyme” (NADP malace dehydrogenase) (Fig-
ure 21-4) and the exeramitochondrial isocitrate dehy-
drogenase reaction (probably not a substanoal source,
except In ruminants),

Acetyl-CoA Is the Principal Building
Block of Fatty Acids

Acetyl-CoA is formed from glucose via the oxidation of
pyruvate within the mitochondria. However, it does
not diffuse readily into the extramitochondral cyrasol,
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Glucoss -phosphate
Hape*
s ‘\ /__,.
Fructose G-phosphate
NADPH \\_ "
Malic T +H" ALK H
s enzyma
MALATE
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Figure 27-4, The provision of acetyl-CoA and NADPH for lipogenesis. [PPP, pentose phosphate path-
way; T, tricarboxylate transporter; K, ci-ketoglutarate transporter; P, pyruvate transpaorter.)



the principal site of fatty acid synthesis. Cierate, formed
after condensation of aceryl-CoA with oxaloacetate in
the citric acid cycle within mitochondria, is translo-
cated into the extramitochondrial compartment via the
tricarboxylate transporter, where in the presence of
Cod and AT it undergoes cdeavage to aceryl-CoA and
oxaloacetate catalyzed by ATP-citrate lyase, which in-
creases in activiey in the well-fed scare. The aceryl-CoA
is then available for malonyl-CoA formaton and syn-
thesis to palmitate (Figure 21-4), The resuling ox-
aloacetare can form malate via NADH-linked malate
dehydrogenase, followed by the generation of NADT'H
via the malic enzyme, The NADPH becomes available
for lipogenesis, and the pyruvate can be used to regen-
erate acetyl-CoA after transport into the mitochon-
drion. This pathway is 2 means of transferring reducing
eiquivalents from extramitochondral NADH o NADP,
;"L]t‘crnitl\-{:i}r m'llat‘.' '|t1'|,.“'- oan bf tr1rl.l.i:lﬂrt|:'d. (el thﬂ
mitochondrion, where it 15 able to re-form oxaloacetate.
More thar the ctrate (ricarboxylace) transporeer in the
mitochondrial membrane requires malate to exchange
with citrate (see Figure 12-10). There is liegle ATP-
cicrate lyase or malic engyme in ruminants, probably
because in these species accrare (derived from  the
rumen and activated to acetyl CoA extramitochondri-
ally) is the main source af aceryl-CoA,

Elongation of Fatty Acid Chains Occurs
in the Endoplasmic Reticulum

This pathway (the “microsomal system”) elongares sat-
urated and unsaturaced fatey acyl-Cods (from ©)) up-
ward) by two carbons, wsing malonyl-CoA a5 acetyl
donor and NADPH as reductane, and is catalyzed by
the microsomal fatty acid elongase sysiem of enzymes
({Figure 21-5). Elongation of stearyl-CoA in brain in-
creases rapidly during myelination in order to provide
Cyy and C,, farty acids for sphingolipids.

THE NUTRITIONAL 5TATE
REGULATES LIPOGENESIS

Excess carbohydrare is stored as far in many animals in
anticipation of periods of caloric deficiency such as star-
vation, hibernation, cte, and to provide cnergy for use
beoween meals in animals, including humans, that rake
their food at spaced intervals, Lipogenesis converts sur-
plus glucose and intermediares such as pymuvae, lacrae,
and acetyl-CoA to fat, assisting the anabolic phase of
this feeding cycle. The nutritional state of the organism
is the main factor regulating the race of lipogenesis.
Thus, the rate is high in the well-fed animal whose dict
contains a high proportion of carbohydrate, It is de-
pressed under conditions of resericred caloric intake, on
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Figure 27-5. Microsomal elongase system for fatty
acid chain alongation, MADH is also used by the reduc-
tases, but NADPH is preferred.

a fat r]'u:l... or whtn there 15 a :.{l:i-l.r_'irhr_jr af in.liul'ln, as in
diaberes mellivus. These larcer conditions are associated
with increased concentrations of plasma free fatty acids,
and an inverse relationship has been demonstrated be-
tween ]1:F:Llic llp::g:n::ﬁis ah:.{ the concentration ol
serum-free favty acids. Lipogenesis is increased when su-
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crose is fed instead of glucose because fructose bypasses
floads the lipogenic pathway (Figure 20-5),

SHORT- & LONG-TERM MECHANISMS
REGULATE LIPOGENESIS

Long-chain farry acid synthesis is controlled in the
short term by allosteric and covalent modification of
enzymes and in the long term by changes in gene ex-
pression governing rates of synthesis of enzymes.

Acetyl-CoA Carboxylase Is the Most
Important Enzyme in the Regulation
of Lipogenesis

Acetyl-CoA carboxylase 15 an allosteric enzyme and is
activated by citrate, which increases in concentration in
the well-fed state and is an indicator of a plentiful sup-
F]T nfuccl'}"]—{}:ﬂ. Clitrate converts the cnEyme from an
mactive dimer to an active polymeric form, having a
molecular mass of several million, Inactivaton is pro-
moted [:1:,' Fh:wphunlnriun of the enzyme and h}r |ung-
chain acyl-CoA molecules, an example of negative feed-
back mnhibition by a product of a reaction. Thus, 1F
acyl-CoA  accumulates because it is not  esterified
quickly enough or because of increased lipolysis or an
influx of free fatty acids into the tssue, it will automati-
cally reduce the synthesis of new farey acid, Acyl-CoA
may also inhibit the mitochondrial tricarboxylare
transporter, thus }':rs:w_'nring activation of the cnEyme
by cgress of citrate from the mitochandria into the cy-
tosal,

Acetvl-CoA carboxylase is also regulated by hor-
manes such as g;lul;agun, :Fincphrinc, and insulin via
:hnngc: i its phnﬁphqr}rhtinn state {dctni]s in Figurﬂ
21-6).

Pyruvate Dehydrogenase Is Also
Regulated by Acyl-CoA

Af}rl-cﬂlﬁl CHLISCS an inh'r[:l'ir'mn ﬂ'F P}""J.\'ar{.' dchydrug:n-
ase by inhibiting the ATP-ADD exchange transporter of
the inner mitochondrial membrane, which leads to in-
creased intramitochondrial [ATPTADP] ratos and
therefore to conversion of active 1o inactive pyruvace
dehydrogenase (see Figure 17-6), thus regulating the
availability of acetyl-CoA for lipogenesis. Furthermare,
oxication of acyl-CoA due to increased levels of free
fatty acids may increase the ratios of [acetyl-CoAl/
[CoA] and [NADH]/[MNAD in mitochondria, inhibic-
ing pyruvate dehydrogenase,

PROTEIN
P, | PHOSPHATASE

:>/_-\<'|20‘

ACETYL-CoA ACETYL-CoA
CARBOXYLASE (F)H CARBOXYLASE
{active) (inactive)
Acetyl-
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e AMPK ADP
T HO v
Malaryl- b
CoA
® AMPKK
-
AMPK o @
|
L Py (racivel| s I
AcyhCOA ————————— —— !
cAMP-DEPENDENT

Glucagon —G‘}"’" cAMP @" PROTEIN KINASE

Figure 27-6. Regulation of acetyl-CoA carboxylase
by phosphorndation/dephosphorylation, The enzyme is
inactivated by phosphorylation by AMP-activated pro-
tein kinase (AMPEK], which in turn is phosphorylated
and activated by AMP-activated protein kinase kinase
(AMPKEK]. Glucagon (and epinephrine), after increasing
cAMP, activate this latter enzyme via cAMP-dependent
pratein kinase, The kinase kinase enzyme is also be-
lieved to be activated by acyl-Cod. Insulin activates
acetyl-CoA carboxylase, probably through an "activa-
tor® protein and an insulin-stimulated protein kinase,

Insulin Also Regulates Lipogenesis
by Other Mechanisms

Insulin stimulates lipogenesis by several other mecha-
nisms as well as by increasing aceryl-CoA carboxylase
activity. It increases the transport of glucose into the
cell (e, in adipose tissue), increasing the availability of
both pyruvate for farty acid synthesis and glycerol
3-phosphate for esterification of the newly formed farty
acids, and also converts the inactive form of pyruvace
dehyvdrogenase o the active form in adipose tissue but
not in liver. Insulin also—by its ability o depress the
level of intraccllular cAMP—inhibits lipolysis in adi-
pose tissuc and thereby reduces the concentration of



plasma free fary acids and therefore long-chain acyl-
Cod, an inhibitor of lipogenesis.

The Fatty Acid Synthase Complex
& Acetyl-CoA Carboxylase Are
Adaptive Enzymes

These enzymes adape to the body's physiologic needs
by increasing in total amount in the fed stare and by
decreasing in starvarion, feeding of far, and in diaberes.
Insulin is an important hormone causing gene expres-
sion and inducton of enzvme biosynchesis, and
5|ur.'agnn {via cAMP) antagonizes this effect. Feeding
bats containing l!:al}runsarum:ed fm}r acids coordinately
regulares the inhibition of expression of key enzymes of
fl}fm]}'sis and lipogenesis. These mechanisms for
onger-term tegulation of lipogenesis take several days
o become fully manifested and augment the direcr and
immediate effect of free farry acids and hormones such
as insulin and glucagon.

SUMMARY

* The synthesis of long-chain fatty acids (lipogenesis) is
carried out by two enzyme systems: acetyl-Cod car-
boxylase and farey acid synihase.

* The pathway converts aceryl-CoA to palmirate and
requires NADPH, ATP, Mn™, biorin, pantothenic
acid, and HCO,™ as cofacrors.
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* Acetyl-CoA carboxylase is required o convert acetyl-
CoA to malonyl-CoA. In turn, fatty acid synthasc, a
multienzyme complex of one polypeptide chain with
SEVEN separate enzymatic activinies, catalyzes the as-
sembly of palmitate from one aceryl-CoA and seven
malonyl-CoA molecules,

* Lipogenesis is regulared ar the aceryl-CoA carboxy-
lase step by allosteric modifiers, phosphorylation/de-
phosphorylation, and inducrion and repression of en-
zvme synthesis. Cirrate activates the enzyme, and
long-chain acyl-CoA inhibies its acriviry. Insulin acei-
vares acetyl-CoA carboxylase whereas glucagon and
epinephrine have opposite actions.
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Oxidation of Fatty Acids:

Ketogenesis

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, DSc

BIOMEDICAL IMPORTANCE

Although farry acids are both oxidized to aceryl-CoA
and synthesized from aceryl-CoA, farey acid oxedanion is
not the simple reverse of farty acid biosynthesis bur an
entirely different process taking place in a separate com-
parement of the cell. The separation of farry acid oxida-
tian in mitochondria from biosynthesis in the cytosol
allows each process 1o be individually controlled and
integrated with tissue requirements. Each step in fatty
acid oxidation involves acyl-CoA derivatives catalyred
by separate enzymes, utilizes NAD™ and FAD as coen-
zymes, and generates ATP. Tt is an acrobic process, re-
quiring the presence of oxygen.

Increased fary acid oxidation 15 a characteristic of
starvation and of diabetes mellitus, leading to ketone
body production by the liver (ketosis). Ketone bodies
are acidic and when produced in excess over long peri-
ods, as in diabetes, cause ketoacidosis, which 15 ulb-
mately fatal. Because gluconsogenesis is dependent
upon farty acid oxidation, any impairment in fatty acid
oxidation leads to hypoglycemia. This occurs in vari-
ous states of carnitine deficiency or deficiency of es-
sential enzymes in farty acid oxidation, eg, carnitine
palmitoyltransferase, or inhibition of farty acid oxida-

tian by poisons, eg, hypoglycin.

OXIDATION OF FATTY ACIDS OCCURS
IN MITOCHONDRIA

Fatty Acids Are Transported in the
Blood as Free Fatty Acids (FFA)

Free farry acids—also called unesterified (UFA) or non-
esterified (NEFA) farry acids—are facry acids thac are in
the unesterified state. Tn plasma, longer-chain FFA are
combined with albumin, and in the cell they are ar
tached to a fawty acid-binding protein, so char in face

they are never really "free.” Shorter-chain farry acids are

180

more water-soluble and exist as the un-tonized acid or
as 2 farry acid anion,

Fatty Acids Are Activated Before
Being Catabolized

Farry acids must first be converred to an active interme-
diate before they can be catabolized. This is the only
step in the complete degradation of a farry acid thar re-
quires energy from ATP. In the presence of ATP and
coenzyme A, the enzyme acyl-CoA synthetase (thioki-
nase) catalyzes the conversion of a fany acid (or free
fatey acid) to an “active farey acid” or acyl-CoA, which
uses one high-energy phosphate with the formation of
AMP and PP, fFiﬁurE 22-1). The PP, is hydrolyzed by
inorganic pyrophosphatase with the loss of a furcher
high-energy phosphate, ensuring thae the overall reac-
tion goes o completion. Acyl-CoA synthetases are
found in the endoplasmic reticulum, peroxisomes, and
inside and on the outer membrane of mitochondria.

Long-Chain Fatty Acids Penetrate the
Inner Mitochondrial Membrane as
Carnitine Derivatives

Carnitine  (f-hydroxy-y-rrimethylammonium  bury-
rate), (CH,),N*—CH—CH{OH}—CH,—COO", is
widely distribured and is particularly abundanr in mus-
cle. Long-chain acyl-CoA {or FEA) will not penetrare
the inner membrane of mitochondria. However, car-
nitine palmitoyliransferase-1, present in the outer
mitochondrial membrane, converts long-chain acyl-
CoA o acylcarnitine, which is able to penetrate the
inner membrane and gain access to the P-oxidation
system of enzymes (Figure 22-1). Carnitine-acylcar-
nitine translocase acts as an inner membrane ex-
change transporter. Acylcarnitine is transported in,
co upﬁd with the rransport out of one molecule of car-
nitine. The acylcarnirine then reacts with CoA, car-



ATP AMP + PR

Carndline

Acylcarniting

Acylcarniting

Aoylcarnitine  Acyl-CoA ——= [-Oxidation
Figure 22-1. Role of carnitine in the transport of

long-chain fatty acids through the inner mitochondrial
membrane. Long-chain acyl-CoA cannot pass through
the inner mitochondrial membrane, but its metabolic
product, acylcarniting, can,

alyzed by carnitine palmitoylransferase-11, locared
on the inside of the inner membrane. Acyl-Cod is re-
formed in the mitochondrial matrix, and carnitine is

liberated.

[3-OXIDATION OF FATTY ACIDS
INVOLVES SUCCESSIVE CLEAVAGE
WITH RELEASE OF ACETYL-CoA

In B-oxidation (Figure 22-2), two carbons at a time arc
cleaved From acyl-CoA molecules, starting at the car-
boxyl end. The chain is broken between the 6(2)- and
Bi3}-carbon atoms—hence the name B-oxidation, The
two-carbon units formed are acetyl-Cod; thus, palmi-
toyl-CoA forms cight acetyl-CoA molecules.
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Figure 22-2. Overview of J-oxidation of fatty acids,

The Cyclic Reaction Sequence Generates
FADH, & NADH

Several enzymes, known collectively as "farty acid oxi-
dase,” are found in the mitwchondrial marrix or inner
membrane adjacent to the respiratory chain. These cat-
alyze the oxidation of acyl-CoA to aceryl-Cady, the sys-
tem being coupled with the phosphorylation of ADP
ATP (Figure 22-3),

The first step is the removal of two hydrogen atoms
from the 2{ot)- and 3(P)-carbon atoms, catalyzed by
acyl-CoA dehydrogenase and requiring FAD, This re-
suls in the formation of A’-rrams-enoyl-CoA and
FADH,. The reoxidation of FADYH, by the respiratory
chain requires the mediation of another flavoprotein,
termed electron-transferring flavoprotein (Chaprer
L1). Warter is added to sarurate the double bond and
form 3-hvdroxyacyl-CoA, catalyzed by A’-enoyl-CoA
hydratase. The 3-hydroxy derivative undergoes further
dehydrogenation on the 3-carbon catalyzed by L{+)-3-
hydroxyacyl-CoA dehydrogenase o form the corre-
sponding 3-kewoacyl-CoA compound. In this case,
NAD* is the coenzyme involved. Finally, 3-ketoacyl-
Co is splic ar the 2,3- position by thiolase (3-keto-
acyl-CoA-thiolase}, forming aceryl-CoA and a new acyl-
CoA two carbons shorter than the original acyl-Coh
molecule. The acyl-CoA formed in the cleavage reac-
tion reenters the oxidative pathway ac reaction 2 (Fig-
ure 22-3). In this way, a long-chain fatry acid may be
degraded completely to aceryl-CoA {C, units). Since
aceryl-Col can be oxidized to COY, and warter via the
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Figure 22-3. P-Oxidation of fatty aclds. Long-chain
acyl-Cod is cycled through reactions 2-5, acetyl-Cof
being split off, each cycle, by thiolase {reaction 5,
When the acyl radical is only four carbon atoms in
length, two acetyl-CoA molecules are formed in reac-
tion 5.

citric acid cycle (which is also found within the mito-
chondria), the complewe oxidaton of fary acids is
achieved.

Oxidation of a Fatty Acid With an Odd
Number of Carbon Atoms Yields Acetyl-
CoA Plus a Molecule of Propionyl-CoA

Fatty acids with an odd number of carbon atoms are oxi-
dized by the pathway of foxidation, producing acetyl-
EUFL. l.l.nt:” al [hrmfhﬂn {Ff{?p'iﬂn}'['[:nu'ﬁl.} ﬂ"‘i([uc It
mains. This compound is converted to succinyl-CoA, a
constituent of the citric acid cycle (Figure 19-2). Hence,
the propionyl residue from an odd-chain fatty acid is
the only part of a fatty acid that is glucogenic.

Oxidation of Fatty Acids Produces
a Large Quantity of ATP

Transport in the respiratory chain of electrons from
FADH, and NADH will lead 1o the synthesis of five
high-energy phosphates (Chaprer 12) for each of the
first seven acetyl-CoA molecules formed by P-oxidarion
of palmitate {7 » 5 = 35). A total of 8 mol of aceryl-
Cod is formed, and each will give rise o 12 mol of
AT on oxidadion in the citric acid cycle, making 8 x
12 = 96 mol. Two must be subtracred for che inidal ac-
tivation of the farry acid, yielding a net gain of 129 mol
of ATP per mole of palmitare, or 129 x 51.6% = 6656
k]. This represents 68% of the free energy of combus-
tion of palmiric acid.

Peroxisomes Oxidize Very Long
Chain Fatty Acids

A modified form of f-oxidation s found in peroxi-
somes and leads o the formation of aceryl-CoA and
H.Oy (from the flavoprotein-linked  dehydrogenase
step), which is broken down by catalase. Thus, this de-
hydrogenation in peroxisomes 15 not linked directly to
phosphorylation and the generation of AT, The sps-
tem facilitares the oxidagon of very long chain fatty
acids (eg, Cyp Ci)o These enzymes are induced by

* AG for the ATP reaction, as explained in Chapter 17.



Figure 22-4. Sequence of reactions in the oxidation
of unsaturated fatty acids, eg, linoleic acid. A*-cis-fatty
acids ar fatty acids forming A*-cis-enoyl-Cod enter the
pathway at the position shown, NADPH for the dienoyl-
Cof reductase step is supplied by intramitochondrial
sources such as glutamate dehydrogenase, isocitrate
dehydrogenase, and NAD(PIH transhydrogenase.

high-far diets and in some species by hypolipidemic
drugs such as clofibrace.

The enzymes in peroxisomes do not atack shorer-
chain farty acids; the B-oxidation sequence ends ar oc-
tanoyl-CoA. Octanoyl and acery] groups are both furcher
oxidized in mitochondria. Another role of peroxisomal
[-oxidation is to shoren the side chain of cholesterol in
bile acid formation (Chaprer 26). Peroxisomes also rake
part in the synthesis of ether glycerolipids (Chaprer 24),
cholesterol, and dolichol (Figure 26-2).

OXIDATION OF UNSATURATED FATTY
ACIDS OCCURS BY A MODIFIED
B-OXIDATION PATHWAY

The CoA esters of these acids are degraded by the en-
zymes normally responsible for f-oxidanion untl either
a A’ -eti-acyl-CoA compound or 3 A'-ci-acyl-CoA com-
pound is formed, depending upon the position of the
double bonds I[F!E;urr 71—41 The former compound s
isomerized (A'eis — .'1 -trans-enoyl-CoA isomerase)
to the corresponding A™-trans-CoA stage of fl-oxidation
for subscquent hydraton and oxidation, Any A'-ai-acyl-
CoA cither remaining, as in the case of linoleic acid. or
entering the pathway at this point after conversion by
acyl-CoA  dehydrogenase . A L tran-A - ir-dienoyl-
Cod, is then metabolized as indicared in Figure 224,

KETOGENESIS OCCURS WHEN THERE
I5 A HIGH RATE OF FATTY ACID
OXIDATION IN THE LIVER

Under metabolic condivions associated with a hifh rate
of farty acid oxidation, the liver produces considerable

uantities of acetoacetate and n{=)-3-hydroxybutyrate
H!-hydmx_-,'hul}'mtc]. Acetoacetate continually under-
goes spontancous decarboxylation to yield acetone.
These three substances are collectively known as the ke-
tone bodies (also called scerone bodies or [incorrectly®|
“ketones”) (Figure 22-5). Acetoacetate and 3-hydrosybu-

* The term “ketenes” should nor be wsed becawse 3-hydroxybu-
wvrate is not a kevone and there are ketones in blood thar are no
ketone bodies, g pyruvae, fuctose,
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Figure 22-5. Interrelationships of the ketone bod-
ies. p{—}-3-hydroxybutyrate dehydrogenase is a mito-
chondrial enzyme.

tyrate are interconverted by the mitochondnal engyme
0 —)-3-hydroxybutyrate dchydrogenase; the equi-
librium is controlled by the mitochondrial [NAD*]f
[MADH] ratio, e, the redox state, The concentration
of total ketone bodies in the blood of well-fed mam-
mals docs not normally exceed 0.2 mmol/L excepr in
ruminants, where 3-hydroxybutyrate is formed contin-
wously from butyric acid (a product of ruminal fermen-
tation) in the rumen wall, In vive, the liver appears to
be the only organ in nonruminants w add significant
quantitics of ketone bodies to the blood. Extraheparic
tissues utilive them as respicacory substrares. The ner
flow of ketone bodies from the liver to the extrahepatic
vissues results from active hepatic synthesis coupled
with very low utilization. The reverse situation occurs
in extrahepanic tissues (Figure 22-6).

3-Hydroxy-3-Methylglutaryl-CoA
(HMG-CoA) Is an Intermediate
in the Pathway of Ketogenesis

Enzymes responsible for kerone body formarion are as-
sociated mainly with the mitochondria. Two aceryl-
CoA molecules formed in P-oxidation condense with
one another to form acetoaceryl-CoA by a reversal of
the thiolase reaction. Aceroaceryl-CoA, which is the

LIVER BLOOD Eﬂ.ﬂ;"s"&p;“c
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Figure 22-6.
pathway is indicated by the solid arrows.)

Formation, utilization, and excretion of ketone bodies. (The main



starting material for ketogenesis, also arises directly
from the terminal four carbons of a facy acid during
B-oxidation (Figure 22-7). Condensation of ace-
toaceryl-CoA with another molecule of aceryl-CoA
by 3-hydroxy-3-methylglutaryl-CoA synthase forms
HMG-CoA. 3-Hydroxy-3-methylglutaryl-CoA lyase
then causes aceryl-CoA 1o split off from the HMG-
Cod, leaving free acetoacerate, The carbon atoms split
aff in the aceryl-CoA maolecule are derived from the
nrigin:l] ar.ctn:l::cryl-{:n.ﬂ molecule, Both enEymes
must be present in mitochondria for ketogencsis to
take place. This ocours solely in liver and rumen ep-
ithelium, pi=}-3-Hydroxybutyrate is quanntatively the

ATP
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Figure 22-7.
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predominant ketone bady
urine in ketosis.

present in the bload and

Ketone Bodies Serve as a Fuel
for Extrahepatic Tissues

While an active enzymatic mechanism produces ace-
toacctate from acctoaceryl-CoA in the liver, acetoac-
etate once formed © annot be reactivated dircctly except
in the cytosol, where it is used in a much less active
pathway as a precursor in cholesterol synthesis. This ac-
counts for the net production of ketone bodies by the
liver,
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In extrahepatic tissues, acctoacctate 15 activated to
acetoacetyl-CoA by succinyl-CoA-acetoacetate CoA
transferase. CoA is transferred from succinyl-CoA o
form acctoacetyl-CoA (Figure 22-8), The acetoacetyl-
CoA is split to acetyl-CoA by thiolase and oxidized in
the citric acid cycle, [F the blood level is raised, oxida-
tion of ketone bodies increases until, at a concentration
of approximatcly 12 mmal/L, they saturate the oxida-
tive machinery. When this occurs, a large proportion of
the oxygen consumption may be accounted for by the
oxidanon of ketone badies,

In most cases, ketonemia is due to increased pro-
duction of ketone bodics by the liver rather than o a
deficiency in their utilization by extrahepatic tissues,
While acetoacetate and D(=)-3-hydroxybutyrate are
readily oxidized by extrahepatic tissues, acctone is diffi-
cult to oxidize in vivo and to a large extent is volatilized
in the lungs.

In moderate ketonemia, the loss of ketone badies via
the urine is anly a few percent of the total ketone body
production and utilization. Since there arc renal thresh-
old-like effects (there is not a true threshold) that vary
between species and individuals, measurement of the

FFA

ketonemia, not the ketonuria, is the preferred method
of assessing the severity of ketosis,

KETOGENESIS IS REGULATED
AT THREE CRUCIAL STEPS

{1} Ketosis does not occur 1n vivo unless there is an
increase in the level of circulating free fatty acids thar
arise from lipolysis of tracylghyeerol in adipose tissuc.
Free fatty acids are the of ketone bodies
in the liver. The liver, both in fed and in fasting condi-
tions, extracts about 30% of the free fatty acids passing
through it, so that at high concentrations the flux pass-
ing into the liver 15 substantial, Therefore, the factors
regulating mobilization of free fatty acids from adi-
pose tissue are important in controlling ketogenesis
(Figures 22-9 and 25-8),

{2} After uptake by the liver, frec fatty acids arc ei-
ther B-oxidized to CO, or ketone bodies or esterified
to triacylglyeerol and phospholipid. There is regulation
of entry of fatty acids into the oxidative pathway by car-
nitine palmitoyltransferase-1 (CI'T-1), and the remain-
der of the farty acid uptake is esterified. CIT-I activiey is

Figure 22-8. Transport of ketone bodies from the liver and pathways of utilization and oxidation in extrahe-

patic tissues,
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low in the fed state, leading to depression of fanty acid
oxidation, and high in starvation, a ‘rlm-.rmg fatty acid ox-
idation to increase. Malonyl-Cad, the initial intermedi-
ate in fatty acid biosynthesis (Figure 21-1), formed by
acetyl-CoA carboxylase in the fed state, is a potent in-
hibitor of CPT-1 (Figure 22-10). Under these condi-
tions, free farty acids enter the liver cell in low concen-
trations and are nearly all esterified to acylglycerols and
ransported out of the liver in very low density lipopeo-
teins (VLIDL). However, as the concentration of free
Lauty acids increases with the onset of starvation, acetyl-
CaoA carboxylase is inhibited directly by acyl-CoA, and

[malonyl-CoA] decreases, releasing the inhibition of

CPT-I and allowing more acyl-Cod to be Pooxidized.
These events are reinforced in starvation by decrease in
the [insulin]/|glucagon] ratio. Thus, f-oxidation from
free faty acids is controlled by the CPT-T gateway into
the mitochondria, and the balance of the free farry acid
uptake not oxidized is esterified.
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(3) In turn, the acetyl-CoA formed in f-oxidation is
axidized in the citric acid cyele, or it enters the pathway
of ketogenesis w form ketone bodies, As the level of
serum free fany acids is raised, proportionatcly more
free farty acid 5 converted o ketone bodies and less s
oxidized via the e aod r:yu:l:: to {:GE- The p;lrrir'lnn
of acetyl-CoA between the ketogenic pathway and the
pathway of oadation to COY is so regulaced that the
total free energy caprured in ATI which results from
the oxidation of free fatty acids remains constant, This
may be appreciated when it is realized that complete
oxidation of 1 mol of palmitate involves a net produc-
tion of 129 mol of ATP via B-oxidation and CO, pro-
duction in the citric acid |::|.r|:|r_' (sce above], whereas only
33 mol of ATI® are produced when acetoacetate is the
end product and only 21 mol when 3-hydroxybutyrate
is the end produce, Thus, ketogenesis may be regarded
as a mechanism that allows the liver to oxidize increas-
ing quantitics of fatey acids within the constraints of a
tightly coupled system of oxidative phosphorylation—
without increasing its total energy expenditure,

Theoretically, a fall in concentrarion of oxaloacerare,
particularly within the mitochondria, could impair the
abiliy of the ctric acid cycle to metabolize aceryl-CoA
and divert fatty acid oxidation toward ketogenesis.
Such a fall may occur because of an increase in the
[NADH]/[NAD'] ratio caused by increased P-oxida-
tion affecting the equilibrium berween oxaloacetate and
malate and decreasing the concentration of oxaloac-
etate. However, pyruvate carboxylase, which catalyzes
the conversion of pyruvare to oxaloacerate, is activared
by acetyl-CoA. Consequently, when there are signifi-
cant amounts of acetyl-CoA, there should be sufficient
oxaloacetate to initiate the condensing reaction of the
ciric acid cycle.

CLINICAL ASPECTS

Impaired Oxidation of Fatty Acids
Gives Rise to Diseases Often
Associated With Hypoglycemia

Carnitine deficiency can occur particularly in the new-
born—and especially in prererm infants—owing o in-
adequate biosynthesis or renal leakage. Losses can also
occur in hemodialysis. This suggests a vitamin-like di-
etary requirement for carnitine in some individuals.
Symptoms of deficiency include hypoglycemia, which
is 2 consequence of impaired farry acid oxidarion and
lipid aceumulation with muscular weakness. Trearment
is by oral supplementation with carnitine.

It'n}'uerme::{J CPT-I deficiency affects only the liver,
resulting in reduced farey acid oxidation and ketogene-
sis, with hypoglycemia. CPT-II deficiency affects pri-
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mearily skeleral muscle and, when severe, the liver. The
sulfonylurea drugs (glyburide [glibenclamide] and
tolbutamide), used in the treatment of ype 2 diaberes
mellicus, reduce farry acid oxidation and, therefore, hy-
perglycemia by inhibiting CPT-1

Inherited defects in the enzymes of B-oxidatdon and
ketogenests also lead to nonkerotic hypoglyeemia, coma,
and farey liver. Defects are known in long- and short-
chain 3-hydroxyacyl-CoA dehydrogenase {deficiency of
the long-chain enzyme may be a cause of acute fary
liver of pmgnﬂlcy} 3-Ketoacyl-CoA  thiolase and
HMG-CoA lyase deficiency also affect the degradation
of leucine, a ketogenic amino acid (Chaprer 30},

Jamaican vomiting sickness is caused by caring the
unripe fruir of the akee wee, which contains a roxin,
hypoglycin, that inactivates medium- and short-chain
acyl-CoA dehydrogenase, inhibiting P-oxidation and
causing hypoglycemia. Dicarboxylic aciduria is char-
acterized by the excredion of C-C,, w-dicarboxylic
acids and by nonketotic hypoglycemia. It is caused by a
lack of mitochondrial medium-chain acyl-CoA dehy-
drogenase. Refsum'’s disease is a rare neurologic disor-
der due to a defect thar causes the accumulation of phy-
ranic acid, which is found in plant foodstuffs and
blocks P-oxidation. Zellweger's (cerebrohepatorenal)

Figure 22-10. Regulation of
long-chain fatty acid oxidation in the
liver. {FFA, free fatty acids; VLDL,

very low density lipoprotein.) Posi-
tive (3 and negative (2 regulatory
effects are represented by broken
arrows and substrate flow by solid
arrows,

syndrome occurs in individuals with a rare inherited
absence of peroxisomes in all tissues, They accumulare
CiCag pl:rﬂfma-ic acids in brain tissue and also exhibic
a generalized loss of peroxisomal funcrions, eg, im-

paired bile acid and ether lipid synthesis,

Ketoacidosis Results From
Prolonged Ketosis

Higher than normal quanuties of ketone bodies present
in the blood or urine constitute ketonemia (hyperke-
toncmial or ketonuria, respectively, The overall condi-
rian is called ketosis. Acetoacetic and 3-hydrosyburyric
acids are both moderately serong acids and are buffered
when present in blood or other tissues. However, their
continual excretion in quantity progressively depletes
the alkali reserve, causing ketoacidesis. This may be
faral in uncontrolled diabetes mellitus.

The basic form of ketosis occurs in starvation and
involves depletion of availeble carbohydrate coupled
with mobilization of free fatry acids, This general pat-
tern of metabolism is exaggerated to produce the pacho-
logic states found in diabetes mellitus, twin lamb dis-
case, and ketosis in lactating cattle. Nonpathalogic
forms of ketosis are found under conditions of high-fa



feeding and after severe exercise in the postabsorptive
state.

SUMMARY

* Fauy acid oxidation in mitochondria leads to the gen-
cration of large quanrites of ATT by a process called
P-oxidation that cleaves aceryl-CoA units sequencially
from fatty acyl chains. The aceryl-Cod is oxidized in
the citric acid cycle, generating furcher AT,

* The ketone bodies {acetoacetate, 3-hydroxyburyrace,
and acctone) are formed in hepanc mitochondria
when there 15 a high rate of farty acd oxidation, The
pathway of ketogenesis involves synthesis and break-
down of 3-hydroxy-3-methylglutany]-CoA (HMG-
CoA) by two key enzymes, HMG-CoA synchase and
HMG-CoA lyase.

* Ketone bodies are imporrant fuels in extraheparic tis-
sues.

* Ketogenesis is regulated ar chree crucial steps: (1)
control of free farry acid mobilization from adipose
tissue: (2) the acuvity of carnitine palmitoylerans-
ferase-1 in liver, which determines the proportion of
the farry acid flux that is oxidized rather than esteri-
fied: and (3} partition of aceryl-CoA berween the
pathway of ketogenesis and the citric acid cycle.
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* Discases assoctated with impairment of faeey acid oxi-
dation lead to hypoglycemia, fatty infiltration of or-
gans, and hypoketonemia,

» Kerosis is mild in starvaron bur severe in diaberes
mellirus and ruminant kerosis.
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Metabolism of Unsaturated Fatty

Acids & Eicosanoids

Peter A. Mayes, PhD, DSc, & Kathleen M. Botham, PhD, D5c

BIOMEDICAL IMPORTANCE

Unsarurared farry acids in phospholipids of the cell
membrane are imporant in maintaining membrane
fluidiry. A high ratio of polyunsaturated faty acids o
sarurated fary acids (P:5 ratio) in the dier is a major
factor in lowering plasma cholesterol concenerarions
and is considered o be beneficial in preventing coro-
nary heart disease. Animal tssues have limited capacity
for desaturating farry acids, and thar process requires
certain dietary  polyunsaturated fary acids derived
from plants, These essential fatty acids are used w0
form eicosanoic (Cyy) farry acids, which in turn give
rise to the prostaglanding and thromboxanes and w
leukotrienes  and  lipoxins—known  collecrively  as
eicosanoids. The prostaglindins and chromboxanes are
local hormones that are synthesized rapidly when re-
quired. Prostaglandins mediate inflammation, produce
pain, and induce sleep as well as being involved in the
regulation of blood coagulation and reproduction.
MNonsteroidal and-inflaimmarory drugs such as aspirin
act by inhibitng prostaglandin synthesis. Leukotrienes
have muscle conrractant and chemoractic properties
and arc important in allergic reactions and inflamma-
tion.

SOME POLYUNSATURATED FATTY
ACIDS CANNOT BE SYNTHESIZED
BY MAMMALS & ARE
NUTRITIONALLY ESSENTIAL

Certain ]un};—cha'll‘l unsaturated !'a.LI!_'r' acids of metabolic
!iignil‘iunm: in mammals are shown in Figure 25-1.
Other Cyy Cay, and Cyy polyencic fatry acids may be
derived from oleic, linoleic, and o-linolenic acids by
chain elongation. Palmitoleic and oleic acids are not es-
sential in the dicr because the tissues can introduce a
double bond ar the A” position of a saturated Fatty actd,
Linoleic and e-linolenic acids are the only fany acids
known to be essential for the complete nueriton of
many species of animals, including humans, and are
known as the nutritionally essential fatty acids, In
most mamrmals, arachidonic acid can be formed [rom
linoleic acid {Figure 23-4), Double bonds can be intro-
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duced ar the A', A%, A®, and A’ positions (see Chaprer
14} in most animals, but never beyond the A” position.
In contrast, plants are able o synthesize the nuerition-
ally essential farty acids by introducing double bonds at
the A" and A" positions.

JAVAVASAVAVAVAN

E] [} CIOCH
Palmitoleic acid (7, 16:1, A7)
18 L]

Oileic acid («9, 18:1, 4%

CO0OH

PN AAN

]
*“Linoleic acid (8, 18:2, A7)

] COOH

*w-Linelenic acid (w3, 18:3, 4*'2)

5 GO0

Elcosapentaenoic acid (i3, 20:5, A3411417)

Figure 23-1. Structure of some unsaturated fatty
acids. Although the carbon atoms in the molecules are
conventionally numbered—ie, numbered from the car-
boxyl terminal—the w numkbers (eg, ©7 in palmitoleic
acid) are calculated from the reverse end (the methyl
terminal) of the molecules. The information in paren-
theses shows, for instance, that c-linolenic acdd con-
tains double bonds starting at the third carbon from
the methyl terminal, has 18 carbons and 3 double
bonds, and has these double bonds at the 9th, 12th,
and 15th carbons from the carboxyl terminal. {(Asterisks:
Classified as “essential fatty acids.”}
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Stearoyl— Cos
0+ MADH + H*
MAD" . ZHLO
Oileoyl— CoA

Figure 23-2. Microsomal A” desaturase.

MONOUNSATURATED FATTY
ACIDS ARE SYNTHESIZED BY
A A" DESATURASE SYSTEM

Several tissues including the liver are considered to be re-
sponsible for the formation of nonessential monounsatu-
rated farry acids from saturared farty acids. The firse dou-
ble bond introduced into a sarurared farry acid i is nearly
always in the A’ position. An enzyme system—A? desat-
urase {Figure 23-2}—in the endoplasmic rediculum will
catalvze the conversion of palmitoyl-CoA or stearoyl-CoA
to palmitoleay]-CoA or oleovl-CoA, respectively, Onygen
and cither NADH or NMADPH are necessary for the reac-
tan. The enzymes appear to be similar to a monooxrge-
nase system involving cytochrome & (Chaprer 111,

SYNTHESIS OF POLYUNSATURATED
FATTY ACIDS INVOLVES DESATURASE
& ELONGASE ENZYME S5YSTEMS

Additional double bonds intreduced into existing mo-
.I‘I.Ui.l.r.ls..l.l'.um[l.'d :I—nlll.}r JI'.!II.'! are JIW.J.}'\ ELIMleLd !l‘{:m ‘.al.h
other by a methylene group (methylene mu_rh.:plul} e
cept in bacteria. Since animals have a A7 desarurase, they

wd 2
Family 181 4

v/
1 1
24:1 -— 231 =— 20:1 ;‘E}

4

1

191

are able o synthesize the w9 {oleic acid) family of unsat-
urated farry acids completely by a combination of chain
elongation and desaturation (Figure 23-3). However, as
indicated above, linoleic (06} or t-linolenic (©3) acids
required for the synthesis of the other members of the
o6 or @3 families must be supplied in the diew
Linolcate may be converted to arachidonate via -
linolenate by the pathway shown in Figure 23-4. The
nurritional requirement for arachidonate may thus be
dispensed with if chere is adequarte linoleate in the diet.
The desaturacion and chain elongation system is greatly
diminished in the starving state, in response to glucagon
and epinephrine administation, and in the absence of
insulin as in type 1 diaberes mellious.

DEFICIENCY SYMPTOMS ARE PRODUCED
WHEN THE ESSENTIAL FATTY ACIDS
(EFA) ARE ABSENT FROM THE DIET

Rats fed a purified nonlipid dier containing vicamins A
and D exhibit a reduced growth rate and reproductive
deficiency which may be cured by the addition of
linoleic, w-linolenic, and arachidonic acids to the dict.
These farry acids are found in high concentrations in
vegetable oils {Table 14-2) and in small amounts in ani-
il carcasses. These essenial farty acids are required for
prostaglandin, thromboxane, leukotriene, and lipoxin
tormation (sce below), and they also have various other
funcrions which are less well defined. Essencial farry acids
are found in the strucrural lipids of the cell, often in the
2 position of phospholipids, and are concerned with the
struccural integrity of the mitochondrial membrane.
Arachidonic acid is present in membranes and ac-
counts for 5-15% of the farry acids in phospholipids.
Diocosahexacnoic acid (DHA; @3, 22:6), which is syn-

4

Oleic acid —=» 18:2 — > 20:2 —2 5 508 —» 22:3 4 5 23,4

Accumulates in essential
fatty acid deficiency

3 1 4

i
Linoleic acid —21- 183 —= 203 —= 2014 —— 224 ——» 2.5

Family 82 4
1
R / ‘e
wd D:-Llnulenlc 2 1 3 1 4
18:3 = 20:3 20:4 - 224 225
b acid
18:3

Figure 23-3. Biosynthesis of the w3, ué, and w3 families of palyunsaturated fatty
acids, Each step is catalyzed by the micrasomal chain elongation or desaturase sys-
tem: 1, elongase; 2, A® desaturase; 3, A’ desaturase; 4, A* desaturase. {©, Inhibition,)
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Linoleoyl-CoA (™' -octadecadienoyl-CoA)

O+ NADH + H*
&b
DESATURASE
2H.0 4 NADT

] C~S—CoA
I
0
wLinolenoyl-Cof (A**"*-setadecatrisnoy|-Col)

Ca
(Malanyl-Cod, MICROSOMAL CHAIN
MADPH) ELONGATION SYSTEM
[ELOMGASE]
z G~ S—Coh
]
O

Dihomo-plinalenoyl-Cod (1™ *-gicosatrienoyl-CoA)

O+ MADH + H'

dE‘
DESATURASE

2H,0 + NAD*

Arachidonoyl-CoA (4% " picosateiraenoyl-CoA)

Figure 23-4. Conversion of linoleate to arachido-
nate. Cats cannot carry out this conversion owing to ab-
sence of A" desaturase and must obtain arachidonate in
their diet.

thesized from o-linolenic acid or obuwined directly from
fish oils, is present in high concentrations in retina,
cerebral cortex, testis, and sperm. DHA is particularly
necded Fa-r dE\.'::l{:-ptm:l'lt of the brain and peting and is
supplied via the placenta and milk. Parienes with retini-

tis pigmentosa are reported to have low blood levels of

DHA, In essential fatty acid deficiency, nonessential
pq.rl}m:nuic acids of the @9 E'atn'll}-' :n:plaﬂ: the essential

farry acids in phospholipids, mher complex lipids, and
membranes, particularly with A**"'-cicosatrienoic acid
(@9 20:3) (Figure 23-3). The trienc:tetraene ratio in
plasma lipids can be used w diagnose the extent of es-
sential farry acid deficiency,

Trans Fatty Acids Are Implicated
in Various Disorders

Small amounts of trans-unsaturated faeey acids are found
i ruminant fat {:g. butter far has .2—._-"%}. where lh::].f
arise from the action of microorganisms in the rumen,
but the main source in the human diet is from partially
hydrogenated vegerable oils (eg, margarine), Trans fany
acids L'uchl:: with essential rull}' acids and may exacer-
bate essential fatty acid deficiency. Moreover, they are
strucrurally similar to saturated fany acids (Chaprer 14)
and have comparable effects in the promotion of hyper-
cholesterelemia and atherosclerosis I:Ch:l.pu::r 215]'.

EICOSANOIDS ARE FORMED FROM C,,
POLYUNSATURATED FATTY ACIDS

Arachidonate and some other Cyy polyunsaturated fany
acids give rise 1o eicosanoids, physiologically and phar-
macologically active compounds known as prosta-

(PG), thromboxanes (TX), leukotrienes
(LT}, and lipoxins (LX) {Chaprer 14). Ph];:il'nlngicn”.].r.
they are considered 1o act as local hermones function-
ing through G-protein-linked receprors to elicit their
biochemical effects,

There are three groups of eicosanoids that are syn-
thesized from C,; eicosanoic acids derived from che es-
sential fatty acids linoleate and e-linolenate, or di-
rectly from dietary arachidonate and eicosapentaenoate
{Figun: 23-5). Arachidonate, usually derived from the
2 P:mtmn ol phosphaolipids in the plasma membrane by
the action of phospholipase A, (Figure 24-6)—bur also
from the diet—is the LulJ.HlﬂlL‘ for the synthesis of the
PGy, T, series (prostanoids) by the cydooxygenase
pathway, or the LT, and LX, series by the lipoxyge-
nase pathway, with the two pathways competing for
the arachidonare substrace (Figure 23-5).

THE CYCLOOXYGENASE
PATHWAY IS RESPONSIBLE FOR
PROSTANOID SYNTHESIS

Prostanoid synthesis (Figure 23-6) involves the con-
sumption of two molecules of O, caalyzed by
prostaglandin H synthase (PGHS), which consists of
two enzymes, cyclooxygenase and peroxidase. PGHS
is present as two isoenzymes, PGHS-1 and PGHS-2.
The product, an endoperoxide (PGH), is converted o

prostaglandins D, E, and F as well as to a thromboxane
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Figure 23-5. The three groups of eicosanoids and their biosynthetic origins. (PG, prostaglandin; PGI, prosta-
cyclin; TX, thromboxane; LT, leukatriene; LX, lipoxin; O, cyclooxygenase pathway; @ lipoxygenase pathway.)
The subscript denotes the total number of double bonds in the molecule and the series to which the compound

helongs.

(TXA,) and Frl::l:ila{:}'t_'l'ln (PGL). Each cell type pro-
duces only one type of prostanoid. Aspirin, a nons-
teroidal anti-inflammatory drug (NSAID), inhibits cy-
-;:Junx}'gcn;nc of both PGHS-1 and PGHS-2 by
aL‘L‘[}"].‘LI’.i!(]h. Most other NSAIDs, such as indomethacin
and ibuprofen, inhibit cyclosxygenases by competing
with arachidonate. Transcription of PGHS-2—bur nm
aof PGHS-1—is r_'m‘::l]:ls:tn:.'l}' inhibited by anti-inflam-
matory corticosteroids.

Essential Fatty Acids Do Not Exert
All Their Physiologic Effects Via
Prostaglandin Synthesis

The role of essential farey acids in membrane formation
is unrelared 1o proscaglandin formation, Prostaglanding
do not relieve symproms of essential fatty acid defi-
ciency, and an ecssental fary acid deficiency is not
caused by inhibition of prostaglandin synthesis.
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Figure 23-6. Conversion of arachidonic acid to prostaglandins and thromboxanes of series 2. (PG,
prostaglandin; TX, thromboxane; PGI, prostacycling HHT, hydroxyheptadecatrienoate ) (Asterisk: Both of these
starred activities are attributed to one enzyme: prostaglandin H synthase, Similar conversions accur in

prostaglandins and thromboxanes of series 1 and 3.

Cyclooxygenase |s a “Suicide Enzyme"

“Switching ofl” :Ji‘pru:.ut;].mdm activity is partly achieved
by a remarkable property of L}Limrx}'gLnJ“—t]ul [Jf
self-catalyzed destruction; ie, it is a “suicide eneyme,”
Furthermaore, the inactivation of prostaglandins by 15-
hydroxyprostaglandin dehydrogenase is rapid. Block-
ing the action of this enzyme with sulfasalazine or in-
domethacin can prolong the half-life of prostaglandins

inn the body,

LEUKOTRIENES & LIPOXINS
ARE FORMED BY THE
LIPOXYGENASE PATHWAY

The leukotrienes are a family of conjugated trienes
formed from eicosanoic acids in leukocyres, mastocy-
roma cells, plarelets, and macrophages by the lipoxyge-

nase pathway in response to both immunclogic and
nonimmunologic stimuli. Three different lipoxygenases
{dmxvgenasfs] insert oxygen into the 5, 12, and 15 po-
sitions of arachidonic acid, giving rise to hydroperox-
ides (HPETE). Only 5-lipoxygenase forms leuko-
trienes (derails in Figure 23-7). Lipoxins are a family of
conjugated tetraenes also arising in leukocytes. They are
formed by the combined action of more than one
lipoxygenase (Figure 23-7).

CLINICAL ASPECTS

Symptoms of Essential Fatty Acid
Deficiency in Humans Include Skin
Lesions & Impairment of Lipid Transport

In adules subsisting on ordinary dices, no signs of es-
sential fatty acid deficiencics have been reporied. How-
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Figure 23-7. Converslon of arachidonic acid to leukotrienes and lipoxins of series 4 via the lipoxygenase path-

way. Some similar conversions occur in series 3 and 5 leukotrienes. (HPETE, hydroperoxyeicosatetraenoate; HETE,
hydroxyeicasatetrasnoats; (1), peroxidase; (2, leukotriene A, epoxide hydralase; @, glutathione S-transferase;
(@1, rglutamyltranspeptidase; &, cysteinyl-glycine dipeptidase )

ever, infants receiving formula diets low in far and pa-
ticnts maintained for long periods exclusively by intra-
venous nutrition low in essential fatty acids show defi-
ciency symproms that can be prevented by an essential
farty acid intake of 1-2% of the total caloric require-
ment,

Abnormal Metabolism of Essential Fatty
Acids Occurs in Several Diseases

Abnormal metabolism of cssenmal farry acids, which
may be connected with dictary insufficiency, has been
noted in cystic fibrosis, acrodermatitis enteroparchica,
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hepatorenal  syndrome,  Sjogren-Larsson  syndrome,
multisystem neuronal depeneration, Crohn's disease,
cirrhosis and alcoholism, and Reye's syndrome. Ele-
vated levels of very long chain polyenoic acids have
been found in the brains of patients with Zellweger's
syndrome (Chaprer 22). Dicts with a high P:S (polyun-
saturated:saturated fatty acid) ratio reduce serum cho-
lesierol levels and are considered o be beneficial in
terms of the risk of development of coronary hearr dis-
case.

Prostanoids Are Potent Biologically
Active Substances

“mmhmnr_t are 5:|.rn1]1|:si:u.-f] in F|z[|:|::1.s and U]Juh
release cause vasoconstriction and plateler aggregation.
Their synthesis is specifically inhibited by low-dose as-
pirin. Prostacyclins (PGI,) are produced by blood ves-
sel walls and are Pm:hl inhibitors u!' ]Jlait]'l:l'. agprepl-
tion. Thus, thromboxanes and  prostacycling are
antagonistic. PGy and TX,, formed from eicosapen-
racnioic acid (EPA) in fish oils, inhibit the release of
arachidonate from phusp]'iu]lplds and the formation
of PG, and TX.. PGI, is as potent an antiaggregator off
platelets as PGIL, but TXA, is a weaker aggregator than
TXA,, changing the balance of activity and favoring
longer clotting times. As litde as 1 ng/mL ol plasma
prostaglanding causes contraction of smooth muscle in
animals. Potential therapeutic uses include prevention
of conception, induction of lihor at term, termination
ol pregnancy, prevention or alleviation of gastric uleers,
control of inflammation and of blood pressure, and re-
lief of asthma and nasal congestion. In addition, PGD,
15 2 potent sleep-promoting substance, Prostaglandins
increase eAMP in platelets, thyroid, corpus luteum,
fetal bone, adenohypophysis, and lung but reduce
cAMT in renal ribule cells and adipose tssue {'Ch;:p-—

ter 25),

Leukotrienes & Lipoxins Are Potent
Regulators of Many Disease Processes

Slow-reacting substance of anaphylaxis (SRS-A) is a
mixture of leukotrienss Cy, Dy, and Eg. This mixture of
leukatrienes is a potent constricror of the bronchial air-
way musculature, These leukotrienes together with
leukotriene By also cause vascular permeability and ac-
traction and activation of leukocytes and are important
regulators in many diseases involving inflimmatory or

immediate hypersensitivity reactions, such as asthma,
Leukotrienes are vasoactive, and 5-lipoxygenase has
been found in arterial walls, Evidence supports a role
for lipoxins in vasoactive and immunoregulatory func-
tion, eg, as counterregularory compounds (chalones) of
the immune response.

SUMMARY

= Biosynthesis of unsaturaced long-chain facy acids is
achieved by desaturase and clongase enzymes, which
introduce double bonds and lengthen existing acyl
chains, respectively.

* Higher animals have A A% AS and A desaturases
but cannot insert new double bonds beyond the 9
I.msitiun of farty acids. Thus, the essential farey acids
inolene (046) and ti-linalenic {03 must be obtained
from the diet.

* Ficosanoids are derived from Cy; (eicosanoic) fary
acids synthesized from the essential fary acids and
comprise important groups of physiologically and
pharmacologically active compounds, including the
l:lmsmglandins, thromboxanes, leukorrienes, and
ipoxins.
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Metabolism of Acylglycerols

& Sphingolipids

Peter A. Mayes, PhD, DSc, & Kathleen M. Botham, PhD, D5c

EIOMEDICAL IMPORTANCE

Acylglveerols constiture the majority of lipids in the
body. Triacylglycerols are the major lipids in far de-
posits and in food, and cheir roles in lipid wransport and
storage and in various diseases such as obesity, diaberes,
and hvperlipoproteinemia will be described in subse-
quent chaprers. The amphipathic nature of phospho-
lipids and sphingolipids makes them ideally suitable as
the main lipid component of cell membranes. Phos-
pholipids also take part in the mewabolism of many
other lipids. Some phospholipids have specialized func-
tions; eg, dipalmiroyl lecithin is a major component of
lung surfactant, which is lacking in respiratory distress
syndrome of the newborn. Inositel phospholipids in che
cell membrane act as precursors of hormone second
messengers, and platelet-activating factor is an alkyl-
phospholipid. Glycosphingolipids, conraining sphingo-
sine and sugar residues as well as farry acid and found in
the ourer leafler of the plasma membrane with their
oligosaccharide chains facing ourward, form part of the
glveocalyx of the cell surface and are importane (1) in
cell adhesion and cell recognition; (2} as receprors for
bacterial toxins (eg, the roxin that causes cholera); and
{3) as ABO blood group substances. A dozen or so gly-
colipid storage diseases have been described (eg,
Gaucher's disease, Tay-Sachs disease), each due to a ge-
netic defect in the pathway for glycolipid degradation
in the lysosomes.

HYDROLYSIS INITIATES CATABOLISM
OF TRIACYLGLYCEROLS

Triacylglycerols must be hydrolyzed by a lipase 1o their
constituent fatry acids and glycerol before further catab-
alism can proceed. Much of this hydrolysis (lipolysis)
occurs in adipose tssue with release of free farry acids
into the plasma. where they are found combined with
serum albumin, This is followed by free farry acid up-
take into tissues (including liver, hearr, kidney, muscle,
lung, testis, and adipose rissue, bur nor readily by
brain), where they are oxidized or reesterified. The uri-
lization of glyceral depends upon whether such rissues
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possess glycerol kinase, found in significant amounes
in liver, kidney, intestine, brown adipose tssue, and
lactating mammary gland,

TRIACYLGLYCEROLS &
PHOSPHOGLYCEROLS ARE FORMED BY
ACYLATION OF TRIOSE PHOSPHATES

The major pathways of tiacylglycerol and phosphoglye-
etol biosynthesis are outlined in Figure 24-1. Impor-
tant substances such as eriacylglycerols, phosphatidyl-
choline, phosphatidvlethanolamine, phosphatidylinositol,
and cardiolipin, a constituent of mitochondnal mem-
branes, are formed from glycerol-3-phosphate. Significant
branch points in the pathway occur ar the phosphari-
date and diacylglycerol steps. From dihydroxyacetone
phosphate are derived phosphoglyeerols containing an
ether link {—F—Q—C—}. the best-known of Wtil."}'l
are pi;asmalugcn.s and platulct-al_‘li'l.-'aling factor (PAF).
Glyeerol 3-phosphate and dihydroxyacetone phosphate
are intermediates in glycolysis, making a very important
connection between t:arhuhy:inu: and ]ipid metabo-
lisem.

Glyeerol 3-phosphale a—— e Dihydroxyaceiona phosphate

|

Phosphatidate Plasmalogens PAF
|
Diacylgiycaral Cardiolipin Phosphatidylinosited
Phosphabdylchaoline Triacyiglycaral  Phaosphatidylinositol
Phogphatidylethanalaming 4 S-bisphosphals

Figure 24-1. Overview of acylglycerol biosynthesis.
(PAF, platelet-activating factor.)
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Figure 24-2.

Exrancumine

Biosynthesis of triacylglycercl and phospholipids.
(1), Monoacylglycerol pathway; () glycerol phosphate pathway.)
Phosphatidylethanolamine may be formed from ethanolamine by a

Py e (o e H
0 HEL—0—{F— holnm—@-

pathway similar to that shown for the formation of phosphatidyl-

choline from choline.
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Phosphatidate Is the Common Precursor
in the Biosynthesis of Triacylglycerols,
Many Phosphoglycerols, & Cardiolipin

Both glycerol and fatty acids must be activated by ATP
before they canm be incorporated into acylglveerols.
Glveerol kinase caralyzes the activarion of glycerol o
m-glveerol 3-phosphare. 1f the acrivity of this cnzyme is
absent or low, as in muscle or adipose tissuc, most of
the glyceral 3-phosphate is formed from dihydroxyace-
tone phospharte by glycerol-3-phosphate dehydrogen-
ase (Figure 24-2).

A. BIosYNTHESIS OF TRIACYLGLYCEROLS

Two molecules of acyl-CoA, formed by the activation
of fary acids by acyl-CoA synthetase (Chaprer 22},
combine with glyceral 3-phosphate to form phosphati-
date {1.2-diacylglyceral phosphate). This takes place in
two stages, catalyred by glycerol-3-phosphate acyl-
transferase and 1-acylglycerol-3-phosphate acyltrans-
ferase. I'hosphatidate is converted by phesphatidate
phosphohydrolase and diacylglyceral acyltransferase
to 1,2-diacylglveerol and then iacylglycerol. In intesti-
nal mucosa, monoacylglycerol acyltransferase con-
verts monoacylglycerol w 1,2-diacvlglyceral in the
manoacylghyeeral pathway, Most of the acuvity of
these enzymes resides in the endoplasmic reticolum of
the cell, but some is found in mitochondria, Phosphari-
date phosphohydrolase is found mainly in the cytosol,
but the active farm of the enzgyme is membrane-bound.

In the biosynthesis of phosphatidylcholine and
phosphatidylethanolamine (Figure 24-2), choline or
cthanolamine must first be actvated by phosphoryla-
tion by AT followed by linkage to CTI®. The resulting
CDP-choline or CDYP-ethanolamine reacts wich 1,2-di-
acylglycerol to form either phosphatidyicholine or
phosphatidylethanolamine, respectively. Phosphatidyl-
serine is formed from phospharidylethanolamine di-
rectly by reaction with serine (Figure 24-2), Phos-
phatidylscrine may re-form phospharidylethanolamine
by decarboxylaion. An alternative pachway in liver en-
ables phosphartidylethanolamine ro give rise directly w0
phosphatidylcholine by progressive methylation of the
cthanolamine residue, In spite of these sources of
choline, it is considered to be an essential nutrient in
many mammalian species, bur this has not been estab-
lished in humans,

The regulation of triacylglycerol, phosphatidyl-
choline, and phosphatidylethanolamine biosynthesis is
driven by the availability of free farry acids. Those that
escape oxidation are preferentially converted w phos-
pholipids, and when this requirement is satisfied they
are used for triacylglycerol synchesis.

A phospholipid present in mitochondnia is cardio-
lipin {diphosphaudylglveerol; Figure 14-8), It is formed

from phospharidylglycerol, which in turn is synthesized
trom CDP-diacylglycerol (Figure 24-2) and glycerol
3-phosphate according to the scheme shown in Figure
24-3. Cardiolipin, found in the inner membrane of
mitochondria, is specifically required for the function-
ing of the phosphate ransporter and for cytochrome
oxidase activity.

B. BiosyNTHESIS OF GLYCEROL ETHER PHOSPHOLIPIDS
This pathway is located in peroxisomes. Dihydroxyace-
tone phosphate is the precursor of the glyeerol moiety
of glycerol ether phospholipids (Figure 24-4). This
compound combines with acyl-CoA to give T-acyldihy-
droxyacetone phasphate. The ether link is formed in
the next reaction, producing 1-alkyvldibydroxyacetone
phosphate, which is then converted 1o 1-alkylglyeerol
J-phosphate. After further acylation in the 2 position,
the resulting 1-alkyl-2-aeylglyeerol 3-phosphate (analo-
gous to phosphatidate in Figure 24-2) is hydrolyzed o
give the free glycerol derivadve. Plasmalogens, which
mmFrisc much of the phospholipid in mitochondria,
are formed by desawration of the analogous 3-phos-
phocthanolamine derivative (Figure 24-4). Platelet-
activating factor (PAF) (1-alkyl-2-acetyl-sn-glyceral-3-
phusphaiulinu} is synthesized from the corresponding
J-phasphocholine derivative. It is formed by many
blood cells and other tssues and aggregates platelers
concentrations as low as 107" mol/L. It also has hy-
potensive and uleerogenic properties and is involved in
a variety of biologic responses, including inflammation,
chemotaxis, and protein phosphorylation.

sn-Glycerol
3-phoaphate

COP-Diacyl-
ghycerol
CMP
Phesphatidygheerol phosphate
HO

Py
Phosphatidyiglyceral

EMP
Cardicligin
{diphosphatidyllycaral)

Figure 24-3.  Biosynthesis of cardiolipin,
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Figure 24-4.

Biosynthesis of ether lipids, including plasmalogens, and platelet-activating factor (PAF). In the

de novo pathway for PAF synthesis, acetyl-Cod is incorporated at stage *, avoiding the last two steps in the path-

way shown here.

Phospholipases Allow Degradation
& Remodeling of Phosphoglycerols

Although phospholipids are actively degraded, each
Pnrtinn af the molecule turns over at a ditferent rage—
eg, the turnover time of the phosphate group is differ-
ent from that of the 1-acyl group. This is due o the
presence of enzymes that allow partial degradadion fol-
lowed lw n:a}.rnrh::w. {Flgun: 21'-5—'?} Phusphnllpast 1‘13
L.lta|w.e$ the hydrolysis of glycerophospholipids to form
a free farry acid and lysophospholipid, which in um
may be reacylated by acyl-Cod in the presence of an
:q‘ltmnx[‘&ruﬁc. ."|.|I:1:rnat:ivt!y, ]y:iuphn:iphnlipid I:r_-[_r'. I}r-

solecithin) is artacked by lysophosphelipase, forming
the corresponding glyceryl phosphoryl base, which in
turn may be splic by a hydrolase liberating glveerol
3-phosphare plus base. Phospholipases A;, A,, B, C,
and D artack the bonds indicated in Figure 24-6.
Phospholipase A, is found in pancreatic fluid and
snake venom as well as in many types of cells; phos-
pholipase C is one of the major toxins secreted by bac-
teria; and phospholipase I is known to be involved in
mammalian signal transduction,

Lysolecithin {lysophosphatidylcholine) mav be
formed by an alternative route that involves lecithing
cholesterol acyltransferase (LCAT). This enzyme,
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Figure 24-5. Metabolism of phosphatidylcholine
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Figure 24-6. Sites of the hydrolytic activity of phos-
pholipases on a phospholipid substrate,

found in plasma, catalyzes the wransfer of a famy acid
residue from the 2 position of lecithin to cholesterol w
form cholesteryl ester and lysolecithin and is considered
to be responsible for much of the cholesteryl ester in
plasma lipoproteins. Long-chain samrared farry acids
arc found predominanty in the 1 position of phospho-
lipids, whereas the polyunsaturated acids (eg, the pre-
cursors of prostaglandins) are incorporated more into
the 2 position. The incorporation of farry acids into
lecithin occurs by complete synthesis of the phospho-
lipid, by transacylation berween cholesteryl ester and
lysolecithin, and by direct acylation of lysolecithin by
acyl-CofA. Thus, a continuous exchange of the fary
acids is possible, particularly with regard to introducing
cmn:immrqﬁ acids into phospholipid molecules.

ALL SPHINGOLIPIDS ARE FORMED
FROM CERAMIDE

Ceramide is synthesized in the endoplasmic reticulum
from the amino acid serine according to Figure 24-7.
Ceramide is an important signaling molecule {second
messenger) regulating pathways including apoptosis
(processes leading to ccll death), cell senescence, and
differentation, and opposes some of the actions of di-
acylglycerol.

Sphingomyelins (Figure 14-11) arc phosphalipids
and arc formed when ceramide reacts with phos-
phatidylcholine to form sphingomyelin plus diacylglyc-
erol (Figure 24—8A). This occurs mainly in the Golgi
apparatus and to a lesser extent in the plasma mem-
brane.

Glycosphingolipids Are a Combination
of Ceramide With One or More
Sugar Residues

The simplest glycosphingolipids (cerebrosides) are
galactosylceramide (GalCer) and glucosylceramide
(GleCer). GalCer is a major lipid of myelin, whereas
GleCer is the major glycosphingolipid of extraneural
tissues and a precursor of most of the more complex
glycosphingolipids. Galactosylceramide (Figure 24-8B)
is formed in a lL.:'I.EEi.UI'I. berween ceramide and UDPGal
(formed by epimerization from UDPGle—Figure
20-6). Sulf actnsylcuumde and other sulfolipids
such as the sulfolgalacto)-glycerolipids and the
steroid sulfates are formed after further reactions in-
volving 3'-phosphoadenosine-5"-phosphosulfate (PAPS;
“active sulfare”). Gangliosides are svnrhesized from
ceramide by the stiepwise addition of activared sugars (eg,
UDPGle and UDPGal) and a sialic acid, usually -
acetylnenraminic acid (Figure 24-9), A large number
of gangliosides of increasing molecular weight may be
formed. Most of the enzgymes transferring sugars from
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Figure 24-7. Biosynthesls of ceramide.

A Ceramide 7T* Sphingormiyalin

Phosphatidylcholine Diacylglycarsl

UDPGal UDP FARPS Suflogalactosyl-
Galaclesylceramide ceramide
B Ceramide (uarahmsida:;b- (suifatide)

nucleotide sugars (glycosyl transferases) are found in
the Golgi apparatus.

Glycosphingolipids arc constituents of the ourer
leafler of plasma membranes and are important in cell
adhesion and cell recognition. Some are antigens, cg,
ABO blood group substances. Cerrain gangliosides
function as receptors for bacterial toxins {eg, for cholera
toxin, which subsequently activares adenylyl cyclase).

CLINICAL ASPECTS

Deficiency of Lung Surfactant Causes
Respiratory Distress Syndrome

Lung surfactant 5 composed mainly of lipid with
some proteins and carbohydrare and prevents the alve-
ali from collapsing. Surfactant activity is largely artrib-
uted o dipalmitoylphosphatidylcholine, which s
synthesized shortly before parturition in full-cerm in-
fants. Dieficiency of lung surfactant in the lungs of
many preterm newhomns gives rise o respiratory dis-
tress syndrome. Administration of either narural or ar-
tificial surfactant has been of therapeutic benefic.

Phospholipids & Sphingolipids
Are Involved in Multiple Sclerosis
and Lipidoses

Certain diseases are characterized by abnormal quanti-
ties of these lipids in the tissues, often in the nervous
Systerm. Tl'u_'}' may be classified into two r__;mups: { I:I frue
demyelinating diseases and (2) sphingolipidoses.

In mull.ip%t selerosis, which is a demyelinating dis-
case, there is loss of both phospholipids (particularly
ethanolamine plasmalogen) and of sphingolipids from
white marter. Thus, the lipid composition of white
mattet resembles that of gray matter. The cerebrospinal
fluid shows raised phospholipid levels.

The ?Phiugal.ipiﬂmes {lipid storage diseases) are a
group of inherited diseaces that are often manifested in
childhood. These diseases are part of a larger group of
lysosomal disorders and exhibit several constant fea-
tures: (1) Complex lipid_a. containing ceramide accumu-
late in cells, particularly neurons, causing neurodegen-

Figure 24-8. Biosynthesis of sphingomyelin (A,
galactosylceramide and its sulfo derivative (B). (PAPS,
"active sulfate,” adenosine 3"-phosphate-5"-phospho-
sulfate.)
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eration and shortening the life span. (2) The rate of
synthesis of the stared lipid #s normal. {3) The enzy-
matic defect is in the lysosomal degradation pathway
of sphingolipids. {4) The extent to which the acoviry of
the affected enzyme is decreased 15 similar in all fssues.
There is no effective treatment for many of the discases,
though some success has been achieved with enzymes
that have been chemically modified to ensure binding
to receprors of target cells, eg, to macrophages in the
liver in order to deliver B-glucosidase (glucocerchrosi-

Table 24-1. Examples of sphingolipidoses.

Neuhc
Gy {Giya)

MauAc

Biosynthesis of gangliosides. (NeuAc, M-acetylneuraminic acid.)

dase} in the trearment of Gaucher's disease. A recent
promising approach is substrate reduction therapy to
inhibir the synchesis of sphingolipids, and gene therapy
for lysosomal disorders is currently under investigation.
Some examples of the more important lipid storage dis-
cascs arc shown in Table 24-1,

Multiple sulfatase deficiency resules in accumula-
tion of sulfogalactosylceramide, steroid sulfares, and
prateoglycans owing to a combined deficiency of aryl-
sulfatases A, B, and C and steroid sulfacase,

Disease Enzyme Deficiency |

Tay-5achs disease | Hexosaminidase A ECer—GIc—GaIiNeuA:j—iGalNAc Mehtaltetardatunh blindness, rnuscularweaknﬂ-ss
| Gy Ganglioside

Lipid Accumulating'

ll.:[Frm:al Sy'mptums

Fabry's disease | o-Galactosidase Cer—Glc—Gal—Gal Skin rash, kidney failure (full symptoms only in
| Globotriaosylceramide males; X-linked recessive).
Metachromatic | Arylsulfatase A Cer—Gal-=-050, Mental retardation and psychologic disturbances in
leukadystrophy 3-Sulfogalactosylceramide | adults; demyelmatlan
Krabbe's disease | [-Galactosidase ! Cer—E_GaI Mental retardation; myelin almust abﬁent
. Galactosylceramide
Gaucher's disease | [-Glucosidase - Cer—j:ﬁlc Enlarged liver and spleen, erosion of long bones,
Glucosylceramide mental retardation in infants.

Miemann-Pick Sphingomyelinase | Cer--P—choline

disease

Farbersdisease | Ceramidase Myl—Sphlngmlne

'. Ceramide

Sphingomyelin

Enlarged liver and spleen, mental retardation; fatal in
early life.

Hoarseness, dermatitis, skeletal deformation, mental
retardation; fatal in early life.

'Neuhe, N-acatylneuraminie acid; Cer, ceramide; Gle, glucose; Gal, galactose. -, site of deficient enzyme reaction.
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SUMMARY

* Tracylglycerols are the major energy-storing lipids,
whereas phosphoglyeerols, sphingomyelin, and gly-
cosphingolipids are amphipachic and have structural
functions in cell membranes as well as acher special-
ized roles,

* Triscylglveerols and some ph{:s]:lhugl}'ﬂ:m]s are syn-
thesized by progressive acylation of glycerol 3-phos-
phate, The pathway bifurcates ar phosphatidate,
forming inositol phospholipids and cardiolipin on
the one hand and triacylglyeerol and choline and
ethanolamine phospholipids on the other.

* Plasmalogens and plateler-activating factor (PAF) are
ether phospholipids formed from dihvdroxyacetone
phosphare.

* Sphingolipids are formed from ceramide (M-acyl-
sphingosine). Sphingomyelin is presenc in mem-
branes of organelles involved in secretory processes
{eg, Golgl appararus), The simplest glvcosphin-
golipids arc a combination of ceramide plus a sugar
residue {eg. GalCer in myelin). Gangliosides are
more complex glycosphingolipids containing mare
sugar residues plus sialic acid, They are present in the
outer layer of the plasma membrane, where they con-
rribure to the glycocalyx and are important as anti-
gens and cell receprors,

* TPhospholipids and sphingolipids are involved in sev-
eral disease processes, including respiratory distress
syndrome (lack of lung surfactant), multiple sclerosis

{(demyelination], and sphingolipidoses (inability
break down sphingolipids in lysosomes due to inher-
ited defeces in hydrolase enzymes).
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Lipid Transport & Storage

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, DSc

BIOMEDICAL IMPORTANCE

Fat absorbed from che dier and ]lplr]s synthesized by the
liver and adipose tssue must be transported berween
the various tissues and organs for urilization and stor-
age. Since ]lpids are insoluble in water, the pmhlum ol
how o transport them in the agueous blood p|.ﬁma 1
solved by associating nunpul.ar lipids (triacylglyeerol
and Lhuluttr}rl esters) with Janthatth_ lipids (phos-
pholipids and chalesterol) and proceins o miake warer-
miscible ]I.i:H.lFJ’ulLln‘i

-:.'a[ihg omnivore .'iu{_'h as the hur:’un. eX-
cess calories are ingested in the anabolic phase of the
feeding eyele, followed by a period of negative caloric
balance when the organism draws upon its carbohy-
drate and f:ll stoares. Lipuprur.i:'in:i mediare Lhih L'].rcll_' l}j-'
transporting lipids from the intestines as chylomi-
crons—and from the liver as very low density lipopro-
teins (VLDL}l—to most tissues for oxidation and e
adip::sc tissle ﬁ:lr 5[::!35::. I_ipid is mobilized from :l:l'l-
pose tissue as free farey acids (FFA) awached w serum
albumin. Abnarmalities of lipoprotein metabalism
cause various hypo- or hyperlipoproteinemias, The
most common of these 1 dial:u-tes m:l]itus. w|:IL‘I.'L' if-
sulin deficiency causes excessive mobilization of FFA
and underutilization of chylomicrons and VLDL, lead-
ing to hypertriacylglyceralemia. Most other patho-
]ugir_' conditions aﬂll.'f_'llln ]ipid lr:m:ipurl. are due pri-
marily o inherited Llc%ucls, some of which cause
hypercholesterolemia, and premature atherosclerosis.
Obesity—particularly abdeminal obesity—is a risk fac-
tar rur increased m{:rla.lil}r, |'I1."EJLrlLI‘Ithl'I. l.}r[_'u. 2 dl:l-
betes mellivus, hyperlipidemia, hyperglyeemia, and vari-

LS LHII[]LI.'I]'[L :l‘.'sfunLllum

In a mea

LIPIDS ARE TRANSPORTED IN THE
PLASMA AS LIPOPROTEINS

Four Major Lipid Classes Are Present
in Lipoproteins

Plasma lipids consist of triacylglycerols (16%), phos-
pholipids (30%), cholesteral {14%), and cholesteryl
esters (30%) and a much smaller fracdon of unesteri-
fied long-chain farry acids (free farcy acids) (4%). This
laccer fraction, the free fatty acids (FFA), is meraboli-
cally the most active of the plasma lipids.
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Four Major Groups of Plasma Lipoproteins
Have Been Identified

Because far is less dense than water, the density of a
lipoprotein decreases as the proportion of lipid to pro-
tein increases (Table 25-1). In additon o FFA, four
major groups of lipoproteins have been identified thar
are importane physiologically and in clinical diagnesis.
These are (1) chylomicrons, derived from inrestinal
absorption of triacylglycerol and ocher lipids; (2) very
low density lipoproteins (VLDL, or pre-[-lipopro-
teins), derived trom the liver for the expore of triacyl-
%’{I‘.-LEI‘D[ (31 low- densnty Ilp-narmmns (LDL, or f-
ipoproteins), represen a final stage in the carabolism
of VLDL; and (4) h]ghinsu}r lipopreteins (HDL, ox
c-lipoproteins), involved in VLDL and chylomicron
metabolism and also in cholesrerol cransporr, Triacyl-
glyeerol is the predominane lipid in chylomicrons and
VLDL, whereas cholesteral and phospholipid are the
predominant lipids in LDL and HDL, respectively
{Table 25-1). Lipoproteins may be separared according
to their electrophoreric properties into -, -, and pre-
B-lipoproteins.

Lipoproteins Consist of a Nonpolar
Core & a Single Surface Layer of
Amphipathic Lipids

The nonpolar lipid core consists of mainky triacylglyc-
crol and cholesteryl ester and is surrounded by a sin-
gle surface layer of amphipathic phospholipid and
cholesterol molccules (Figure 25-1), These arc oriented
so that their polar groups face ourward o the agueous
medium, as in the cell membrane (Chapeer 14). The
protein moicty of a lipoprocein is known as an apo-
lipaprotein or apoprotein, constituring nearly 70% of
some HIIL and as licde as 1% of chylomicrons. Some
apalipoprotcins arc integral and cannot be removed,
whercas others are free to transter to other lipoproteins.

The Distribution of Apolipoproteins
Characterizes the Lipoprotein

One or more apolipoproteins (proteins or polypeprides)
are present in each lipoprotein. The major apolipopro-
teins of HDL (ot-lipoprotein) are designared A (Table
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Table 25-1. Composition of the lipoproteins in plasma of humans.

i Composition |
1]
Dkameterf Density | Protein| Lipid | Main Lipid
Lipoprotain Source [mm) E {g/mL) (%6) (%) | Components Apolipoproteins
Chiylomicrans |Intesting 20-1000 ;r:ﬂ‘ilﬁ 1-2 93-—99% Triacylghyceral | A-l, A-ll, A-V," B-48, C-4, C-II, CHII,
} | E
. B N I | NN ' i1 . .
Chylomicron  {Chylomicrons | 45-150 [ < 1.006 6-8 | 92-94 | Triacylglycerol, | B-48, E
remnants ' ! phaspholipids,
i i cholesterol
YLDL Liver (intesting) | 30-90 055-1006 | 7-10 941—935 Triacylghycerol | B-100, C, C-Hl, -l
DL VLDL 25-35 E 1.006-1019; 11 89 : Trizcylglycerol, | B-100,E
D __________L__________________ _______ | cholesterol S
oL bt 12025 | 1019-1083) 21 |7 ?___’ Bw00
HDL Liver, intestine, E | Phosphalipids, | A1, A-ll, A-V, C-l, CHI, G-I, D E
HDL, VLDL, chylo- 20-25 | 1019-1.063 | 32 68 'chnlesten:-l
HDL, s o 10-20 | 1.063-1.125! 33 67
HDL, 5-10 | 1.125-1.2101 57 43 |
Pref-HOL® <5 1=1.210 i A-|
Albuminfiree 1Adipose 11281 99 1 | Freefatty acids
fatty acids | tissue . L

Abbreviations: HOL, high-density lipoproteins; 0L, intermediate-density lipoproteins; LOL, low-density lipoproteins; YLDL, very low

density lipoproteins.
"secreted with chylomicrons but transfers to HDL
3 ssaciated with HOL, and HOL, subfractions,

"Part of a minor fraction known as very high density lipoproteins (VHDL),

25-1). The main apolipoprotein of LDL (B-lipopro-
tein) is apolipoprotein B (B-100) and is found also in
VLDL. Chylomicrons contain a cruncated form of apo
B (B-d8) thar is synthesized in the intestine, while
B-100 is synthesized in the liver. Apo B-100 is one of
the longest single polypeptide chains known, having
4536 amino ucjﬁs and a molecular mass of 550,000 Da.
Apo B-48 (48% of B-100) is formed from the same
mBNA as apo B-100 after the inroducrion of a stop sig-
nal by an RNA editing enzyme. Apo C-I, C-I, and
C-IIT are smaller polypeprides {molecular mass 7000
9000 Da) freely rransferable berween several different
lipoproteins. Apo E is found in VLDL, HDL, chylomi-
crons, and chylomicron remnants; it accounts for 5-
10% of roral VLDL apolipoproteins in normal subjects.

Apolipoproteins carry our several roles: (1) they can
form part of the structure of the lipoprotein, eg, apo B;
{2) they are enzyme cofactors, eg, C-II for lipoprorein
lipase, A-I for lecithin: LhﬂlES[t’t‘;F&C}?["&ﬂSfEI.‘&HE oF e
zyme inhibitors, eg, apo A-1l and apo C-111 for lipopro-
tein lipase, apo C- for cholesteryl ester transfer protein;
and (3) they act as ligands for interaction with lppapm-

tein receprors in rissues, eg, ape B-100 and ape E for
the LDL recepror, apo E tor the LDL recepror-relared
protein {LRP}), which has been idenrified as che rem-
nant recepror, and apo A-1 for the HDL recepror. The
functions of apo A-IV and apo D, however, are not yet
clearly deﬁnecr

FREE FATTY ACIDS ARE
RAPIDLY METABOLIZED

The free fary acids (FFA, nonesterified farry acids, un-
esterified farry acids) arise in the plasma from lipolysis
of triacylglycerol in adipose tissue or as a result of the
action nf%ipupm:ein lipase during uprake of plasma tri-
acylglyeerols into rissues. They are found in combina-
tion with albumin, a very effective solubilizer, in con-
centrations varying berween 0.1 and 2.0 peg/ml of
plasma. Levels are low in the fully fed condition and
rise to 0.7=0.8 peqfmL in the starved state. In uncon-
trolled diabetes mellitus, the level may rise to as much
as 2 [eg/ml.
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Figure 25-1. Generalized structure of a plasma

lipoprotein. The similarities with the structure of the
plasma membrane are to be noted. Small amounts of
cholesteryl ester and triacylglyceral are to be found in
the surface layer and a little free cholesterol in the core,

Free fatty acids are removed from the blood ex-
tremely rapidly and oxidized (fulfilling 25-50% of cn-
crgy requirements in starvation) or csterified to form
triacylglycerol in the rissues. In starvaton, esterified
lipids from the circulation or in cthe dssues arc oxidized
as well, pardcularly in heart and skeletal muscle cells,
where considerable stores of lipid are to be found.

The free farry acid uprake by tissucs is related di-
rectly to the plasma free farry acid concentration, which
in turn is determined by the rate of lipolysis in adiposc
tissuc, After dissociation of the fatty acid-albumin com-
plex ar the plasma membrane, facy acids bind to a
membrane fary acid transport protein that acts as a
transmembranc cotransporter with Na'. On entering
the cytosol, free faty acids are bound by intracellular
fatty acid-binding proteins. The role of these protcins
in incracellular cransport is thought to be similar o that
of scrum albumin in cxtracellular transport of long-
chain fatty acids.

TRIACYLGLYCEROL IS TRANSPORTED
FROM THE INTESTINES IN
CHYLOMICRONS & FROM THE LIVER IN
VERY LOW DENSITY LIPOPROTEINS

By definition, chylomicrons are found in chyle formed
only by the lympharic system draining the intestine.
They are responsible for the wansporc of all diewary
lipids into the circulation. Small quantiries of VLDL
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are also o be found in chyle; however, most of the
plasma VLDL arc of heparic origin. They are the vehi-
cles of ransport of triacylglycerol from the liver to
the extrahepatic tissues.

There are seriking similarities in the mechanisms of
tormation of chylomicrons by intestinal cells and of
VLDL by hepatic parenchymal cells (Figure 25-2), per-
haps because—apart from the mammary gland-—the
intestine and liver are the only dssues from which par-
ticulare lipid is secreted. Mewly secreted or "nascent”
chylomicrons and VLDL contain only a small amount
of apolipoproteins C and E, and the full complement is
acquired from HDL in the circulatdon (Figures 25-3
and 25-4). Apo B is essential for chylomicron and
VLDL formation. In abetalipoproteinemia (a rare dis-
casc), lipoproteins containing apo B are not formed and
lipid droplets accumulare in the intestine and liver.

A more detailed account of the factors conrrolling
heparic VLDL secretion is given below,

CHYLOMICRONS & VERY LOW
DENSITY LIPOPROTEINS ARE
RAPIDLY CATABOLIZED

The clearance of labeled chylomicions from the blaod
is rapid, the half-time of disappearance being under 1
hour in humans. Larger particles are catabolized more
quickly than smaller ones. Fatry acids originating from
chylomicron eracylglycerol are delivered mainly to adi-
pose tissue, heart, and muscle (80%), while abour 20%
oes o the liver. However, the liver does not metabo-
ize native chylomicrons or VLDL significantly; chus,
the farry acids in the liver must be secondary to their
metabolism in extrahepatic tissues,

Triacylglycerols of Chylomicrons & VLDL
Are Hydrolyzed by Lipoprotein Lipase

Lipoprotein lipase is located on the walls of blood cap-
illaries, anchored ro the endothelium by negarively
charged prmr:uFI}'can chains of heparan sulface. It has
been found in hearr, adipose tissue, spleen, lung, renal
medulla, aorra, diaphragm, and lacrating mammary
gland, though it is nor active in adulr liver. It is not
normally found in bleod; however, following injection
of heparin, lipoprotein lipase is released from its hep-
aran sulfare binding into the circulation. Hepatic |Pi-
pase is bound to the sinusoidal surface of liver cells and
is released by heparin. This enzyme, however, does not
react readily with chylomicrons er VLDL bur is con-
cerned with chylomicron remnant and HDL mertabo-
lism.

Both phosphelipids and apo C-II are required as

cofacrors for lipoprotein lipase actviry, while apo A1
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to thoracie duct
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Figure 25-2. The formation and secretion of (&) chylemicrons by an intestinal cell and (B) very low density
lipoproteins by a hepatic cell. (RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; G, Golgi
apparatus; N, nucleus; C, chylomicrons; VLDL, very low density lipoproteins; E, endothelium; 5D, space of Disse,
containing blood plasma.) Apolipoprotein B, synthesized in the RER, is incorporated into lipoproteins in the SER,
the main site of synthesis of triacylglycerol, After addition of carbohydrate residues in G, they are released from
the cell by reverse pinocytosis. Chylomicrons pass into the lymphatic system, VLDL are secreted into the space
of Disse and then into the hepatic sinusoids through fenestrae in the endothelial lining.

and apo C-III ace as inhibitors, Hydrolysis takes place
while the lipoproteins are attached o the enzyme on
the endothelium. Triacylglycerol is hydrolyzed progres-
sively through a diacylglyceral to 4 monoacylglycerol
thar is finally hydrolyzed to free fany acid plus glrcerol,
Some of the released free farry acids return o the circu-
lation, artached 1o albumin, bur the bulk is cransporred
into the rissue (Figures 25-3 and 25-4). Heart lipopro-
tein lipase has a low K, for wiacylglycerol, abour one-
tenth of thar for the enzyme in adipose tissue. This en-
ables the delivery of farry acids from riacylglycerol o
be redirected from adipose tissue to the heart in the
starved state when the plasma rriacylglycerol decreases,
A similar redirection to the mammary gland occurs
during lacration, allowing uprake of lipoprorein riacyl-
glyceral farry acid for milk far synrhesis. The VLDL re-
ceptor plays an important part in the delivery of famy
acids from YVLDL wriacylglycerol to adipocytes by bind-
ing VLDL and bringing it into close contacr with
lipoprotein lipase. In adipose tissue, insulin enhances
lipoprotein lipase synthesis in adipocyres and s
translocation to the luminal surface utPrhe capillary en-

dochelium.

The Action of Lipoprotein Lipase Forms
Remnant Lipoproteins

Reaction with lipoprotein lipase results in the loss of
approximatcly 0% of the tracylglycerol of chylomi-
crons and in the loss of apo C {which returns to HDL)
but not apo E, which is rewmined, The resulung chy-
lomicron remnant is abour half the diameier of the
parent chylomicron and is relatively enriched in chales-
terol and cholesteryl esters because of the loss of triacyl-
glycerol  (Figure 25-3). Similar changes ocour to
YLD, with the formaton of VLDL remnancs or [DL
{intermediate-density lipoprotein) (Figure 25-4),

The Liver Is Responsible for the Uptake
of Remnant Lipoproteins

Chylomicron remnants are taken up by the liver by re-
cepror-mediated endocytosis, and the cholesteryl esters
and rriacylglycerols are hydrolyzed and merabolized.
Uprake is mediated by a recepror specific for apo E
{Figure 25-3), and both the LDL (apo B-100, E) re-
ceptor and the LRP (LDL receptor-related protein)
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Figure 25-3. Metabolic fate of chylomicrons. (A, apolipoprotein A; B-48, apolipoprotein B-48; )
apolipoprotein C; E, apolipoprotein E; HOL, high-density lipoprotein; TG, triacylglyceral; C, cholesterol and
cholesteryl ester; P, phospholipid; HL, hepatic lipase; LRF, LDL receptor-related protein.) Only the predominant

lipidls are shown.

are believed to take pare. Hepatic lipase has a dual role:
(1) in :u_'lihg s i lig:md tar the [i]:upmu:in and (2) in
hydrolyzing it criacylglycerol and phospholipid.

VLIDIL is the precursor of 1DL, which is then con-
verted o LDL. Only one molecule of apa B-100) &5
prr_':ﬂ.' it in each of these |':|'mpr{:lr_'1'r| part':r_'ics, and this ts
conserved during the transformarions. Thus, each LDL
particle is derived from only one VLDL particle (Figure
25-4). Two possible fates awair IDL. It can be taken up
by the liver :Eluc-::ll‘..' via the LDL {:l}'m B-100, E) recep-
tar, or it is converted o LDL, In humans, a relatively
large proportion forms LDL, srcounting for the in-
creased concentrations of LDL in humans compared
with many other mamimals.

LDL IS METABOLIZED VIA
THE LDL RECEPTOR

The liver and many extraheparic tissues express the
LDL (B-100, E) receptor. [t is so designated because it
is sﬁeciﬁc for apo B-100 bur not B-48, which lacks the
carboxyl rterminal domain of B-100 containing the
LDL recepror ligand, and it also takes up lipoproteins
tich in apo E. This recepror is defective in familial hy-
percholesterolemia. Approximately 30% of TDL is de-

graded in extrahepatic tssues and 70% in the liver, A
imsil'l\'i: correlation exists between the incidence of
coronary atherosclerosis and the plasma concentra-
tion of LDL cholesteral, For further discussion of the
regulation of the LDL recepror, see Chaprer 26,

HDL TAKES PART IN BOTH
LIPOPROTEIN TRIACYLGLYCEROL
& CHOLESTEROL METABOLISM

HIDWL is synthesized and secreted from boch liver and
intestine (Figure 25-5). However, apo C and apo E are
synchesized in the liver and ransferred from liver HDL
to intestinal HDL when the larrer enters the plasma. A
major function of HDL is to act as a repository for the
apo C and apo E required in the memabolism of chy-
lomicrons and VLDL. Nascent HDL consists of discoid
phospholipid bilayers conraining apo A and free choles-
terol. These lipoproteins are similar to the particles
found in the plasma of patients with a deficiency of the
plasma enzyme lecithin:cholesterol acyltransferase
(LCAT) and in the plasma of patients with abstructive
jaundice. LCAT—and the LCAT activaror apo A-l—
bind to the disk, and the surface phospholipid and free

cholesterol are converred into cholesteryl esters and
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Figure 25-4. Metabolic fate of very low density lipoproteins (VLDL) and production of low-density
lipoproteins (LDL). (4, apolipoprotein A; B-100, apolipoprotein B-100; ©, apolipoprotein C; F, apolipoprotein
E; HDL, high-density lipoprotein; TG, triacylglycerol; DL, intermediate-density lipoprotein; C, cholesterol and

cholesteryl ester;
metabolized via the LRP.

lysolecithin {Chaprer 24). The nonpolar cholesteryl es-
ters move into the hydrophobic interior of the bilayer,
whereas lysolecithin is transferred o plasma albumin,
Thus, a nonpolar core is generared, forming a spherical,
seudomicellar HDL covered by a surface film of polar
ipids and apolipoproteins. In this way, the LCAT sys-
tem is ilwuli.-'mf]n the removal of excess unesterified
cholesterol from lipoproteing and rissues. The class B
scavenger receptor Bl (SR-B1) has recently been
identified as an HDL receptor in the liver and in
steroidogenic tssues. HDL binds o the recepror via
apo A-T and cholesteryl ester is selectively delivered to
the cells, bur the particle iwself, including apo A-1, is not
taken up, The transpore of cholesterol from the dssues
to the liver is known as reverse cholesterol transport
and is mediated by an HDL cycle {Figure 25=5). The
smaller HDL; accepts cholesterol from the tissues via
the ATP-binding cassette wansporter-1 {ABC-1).
ABC-1 is a member of a family of transporter proteins
thar couple the hydrolysis of ATP o the binding of a
substrare, enabling it to be rransported across the mem-
brane. After being accepred by HDLs, the cholesterol is

P, phospholipid.} Only the predominant lipids are shown. It is possible that some IDL is also

then esterified by LECAT, increasing the size of the par-
ticles to form the less dense HDL,. The cycle is com-
pleted by the re-formation of HDL,, either after selec-
tive delivery of cholesteryl ester to the liver via the
SR-B1 or by hydrolysis of HDL, phospholipid and cri-
acylglycerol by hepatic lipase. In addition, free apo A-l
is released by these processes and forms prep-HDL
after associating with a minimum amount of phospho-
lipid and cholesterol. Pref-HDL is the most potent
form of HDL in inducing cholesterol efflux from the
tissies to form discoidal HDL. Surplus apo A-L is de-
stroyed in the kidney,

HDL concentrations vary reciprocally with plasma
triacylglycerol concentradions and directly with the ac-
tivity of lipoprotein lipase. This may be due o surplus
surface constituents, eg, phospholipid and apo A-l
being released during hydrolysis of chylomicrons and
VLDL and contribuning toward the formation of pref-
HDL and discoidal HDL. HDL, concentrations are in-
versely related to the incidence of coronary athero-
sclerosis, possibly because they reflect the efficiency of
reverse cholesterol rransporc. HDL, (HDL,) is found in
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Figure 25-5. Metabolism of high-density lipoprotein (HDL) in reverse cholesterol transport.
[LCAT, lecithinicholesterol acyltransferase; C, cholesterol; CE, cholesteryl ester; PL, phospholipid;
A, apolipoprotein A-l; SR-B1, scavenger receptor B1; ABC-1, ATP binding cassette transporter 1.)
Prefi-HDL, HOL;, HDL;—see Table 25-1. Surplus surface constituents from the action of lipopro-
tein lipase on chylomicrons and VILDL are another source of prefi-HDL. Hepatic lipase activity is
increased by androgens and decreased by estrogens, which may account for higher concentra-

tions of plasma HDL, in women.

the blood of dict-induced hyperchalesterolemic ani-
mals. It is rich in cholesterol, and its sole apolipopro-
tein 15 apo E. It appears thar all plasma lipoproteins are
interrelated componenes of one or more metabolic cy-
pracess of plasma lipid transport.

THE LIVER PLAYS A CENTRAL ROLE IN
LIPID TRANSPORT & METABOLISM

The liver carries our the following major funcrions in
lipid merabolism: (1) It facilicates the digestion and ab-
sorption of lipids by the production of bile, which con-
tains cholesterol and bile sales synthesized within the
liver de novo or from uptake of lipoprotein cholesterol
{Chaprer 26). (2) The liver has active enzyme syscems
for synthesizing and oxidizing farry acids (Chaprers 21
and 22} and for synthesizing triacylglycerals and phos-
pholipids (Chaprer 24). (3) It converts farry acids ro ke-
tone bodies (kerogenesis) (Chaprer 22). (4) It plays an
integral part in the synthesis and merabolism qu]a.sma
lipoproteins (this chaprer).

Hepatic VLDL Secretion Is Related
to Dietary & Hormonal Status

The cellular events involved in VLDL formation and
secretion have been described above. Heparic triacyl-
glycerol synthesis provides the immediate stimulus for
the formation and secretion of VLDL. The faccy acids
used are derived from two possible sources: (1) synthe-
sis within the liver from aceryl-CoA derived mainly
from carbohydrate {perhaps nor so imporant in hu-
mans) and (2) uptake of free farry acids from the circu-
lation. The first source is predominant in the well-fed
condition, when farry acid synrhesis is high and the
level of circulating free farty acids is low. As oriacylglye-
erol does not normally accumulate in the liver under
this condition, it must be inferred thar it is ransported
from the liver in VLDL as rapidly as it is synthesized
and that the synthesis of apo B-100 is not rate-limiting.
Free farry acids from che circulation are the main source
during starvarion, the feeding of high-far diets, or in di-
aberes mellicus, when heparic lipogenesis is inhibired.
Facrors that enhance both the synthesis of tiacylglye-
erol and the secretion of VLDL by the liver include (1}
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the fed stare rather than the scarved stace; (2) the feed-
ing of diets high in carbohydrace {particularly if they
contain sucrose or fructose), leading to high rates of li-
pogencsis and esterification of farry acids; (3) high lev-
cls of circulating free farry acids; (4) ingestion of
cthanol; and (5) the presence of high concentrations of
insulin and low concentrations of glucagon, which en-
hance farcy acid synthesis and esterification and inhibic
their oxidation (Figure 25-6),

CLINICAL ASPECTS

Imbalance in the Rate of Triacylglycerol
Formation & Export Causes Fatty Liver

For a variery of reasons, lipid—mainly as triacylglyc-
erol—can accumulare in the liver {Figure 25-6). Exten-
sive accumulation is regarded as a paﬁmlagic condition.
When accumulation of lipid in che liver becomes
chronic, fibrotic changes occur in the cells thar progress
to cirrhosis and impaired liver funcrion.

Farry livers fall into two main categories. The first
type is associated with raised levels of plasma free
fatty acids resulting from mobilizaton of far from adi-
pose tissue or from the hydrolysis of lipoprotein riacyl-
glyceral by lipoprotein lipase in extraheparic tissues.
The production of VLDL does not keep pace with the
increasing influx and esterificarion of free farry acids, al-
lowing triacylglycerol o accumulare, causil}g a famy
liver. This occurs during starvation and the feeding of
high-fat diets. The abilicy o secrece VLDL may also be
impaired (eg, in sarvadon). In uncontrolled diabetes
mellitus, rwin lamb disease, and ketosis in canle,
farry infilradion is sufficiendy severe 1o cause wvisible
pallor {facry appearance) and enlargement of the liver
with possible liver dysfuncrion.

The second type of farry liver is usually due o a
metabolic block in the production of plasma lipo-
proteins, thus allowing wiacylglycerol o accumulare.
Theoretically, the lesion may be due w (1) a block in
apolipoprotein synthesis, (2) a block in the synthesis of
the lipoprotein from lipid and apolipoprotein, (3) a
failure in provision of pll:‘:ﬂspholl]:rlds l]ﬁt are found in
lipoproteins, or (4) 4 failure in the secrerory mechanism
itself.

One type of farry liver that has been studied exeen-
sively in rats is due to a deficiency of choline, which
has therefore been called a lipotropic factor. The an-
tibiotic puromycin, ethionine (G-amino-y-mercaprobu-
tyric acid), carbon terrachloride, chloroform, phospho-
rus, lead, and arsenic all cause farry liver and a marked
reduction in concentration of VLDL in rats. Choline
will not protect the organism against these agents bur

ﬁF““ to aid in recovery. The action of carbon terra-
ride probably involves formation of free radicals

causing lipid peroxidarion. Some protection against this
is provided by the antioxidant action of vitamin E-sup-
plemented diets. The action of ethionine is thought to
be due to a reduction in availability of ATP due w its
replacing methionine in S-adenosylmethionine, crap-
ping available ademine and preventing synthesis of
ATP. Orotic acid also causes farty livers it is believed to
interfere with glycosylation of the lipoprotein, thus in-
hibiting release, and may also impair the recruitment of
triacylglycerol o the particles. A deficiency of vicamin
E enhances the hepatic necrosis of the choline defi-
ciency type of fatry liver. Added vitamin E or a source
of selenium has a protectve effect by combaring lipid
peroxidation. In additon o prowein deficiency, essen-
tial farry acid and vitamin deficiencies (eg, linoleic acid,
pyridoxine, and pantothenic acid) can cause farry infil-
tration of the liver.

Ethanol Also Causes Fatty Liver

Mcnl’u}]ijm I:.lds to F:Lr :sccurnularinn in the ]i'.'cr, ]1}r-
perhipidemia, and  uwlumately cirrhosis. The  exace
mechanism of action of ethanol in cthe long term 15 sl
uncertain, Ethanol consumption over a long periad
|::a|.{:i to the uccumulutinn nF fnl;l:jr :lcids in the H\-'n:r that
are derived from endogenous synthesis rather than from
increased mobilization from adipose cssue. There is no
impairment of hepatic synthesis of protein after ethanol
ingc-.m'nn. Oridation of ethanol h}' alcohol d:hydmgcn—
ase leads o excess production of NADH,

ALCOHOL

CHy—CH; —OH CH; —CHD

MADY  NADH+H'
Ethanal

Acetaldehyde

The NADH penerated comperes with reducing
equivalents from other substrates, including fatey acids,
for the rr_;pir:ltnr}' cha':n. inhihitihg th:ir oxi.l:lnri{m, aru.{
decreasing activiry of the citric acid cycle. The nee effect
of inhibiting farty acid oxidation is o cause increased
esterification of fatty acids in triacylglycerol, resulting
in the fatty liver. Oxidation of ethanol leads to the for-
mation of aceraldehyde, which 15 oxidized by aldehyde
dehydrogenase, producing acetate, Other effects of
ethanol may include increased lipogenesis and chales-
terol synthesis from acetyl-CoA, and lipid peroxidation,
The increased [NADH]/[MNADY] ratio also causes in-
creased [lactare]/[pyruvace], rc.uu]nng in hyperlactic-
acidemia, which decreases excretion of uric acid, aggra-
vating gout. Some metabolism of ethanol tmkes place
via a cytochrome P450-dependent microsomal echanol
oxidizing system (MEQS) invelving NADPH and O,

T‘]‘Iiﬂ !'i}-'.‘itt]Tl IIZI'I.I'_'ZI'l::I_‘iI:!i II!'l -'I.rl'_'tlﬂ"i.l'}" :il'l CI:I[DI'I;C HI’I.'DI'II}“.HTI
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Figure 25-6. The synthesis of very low density lipoprotein (VLDL) in the liver and the possible loci of action of
factors causing accumulation of triacylghycerol and a fatty liver, (EFA, essential fatty acids; FFA, free fatty acids;
HOL, high-density lipoproteins; Apo, apolipoprotein; M, microsomal triacylglyceral transfer protein.) The pathways
indicated form a basis for events depicted in Figure 25-2. The main friacylglyceral] pool in liver is not on the direct
pathway of VLDL synthesis from acyl-CoA, Thus, FRA, insulin, and glucagon have immediate effects on VLDL secre-
tion as their effects impinge directly on the small triacylglycerol® precursor pool. In the fully fed state, apo B-100 is
synthesized in excess of requirements for VLDL secretion and the surplus is destroyed in the liver. During transla-
tion of apo B-100, microsomal transfer protein-mediated lipid transport enables lipid to become associated with
the nascent polypeptide chain, After release from the ribosomes, these particles fuse with maore lipids from the
smooth endoplasmic reticulum, producing nascent VLDL
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and may account for the increased merabolic clearance
in this condition. Ethanol will also inhibit the merabo-
lism of some drugs, ¢g, barbiturates, by competing for
cytochrome P450-dependent enzymes,

CH,—CH, —OH +MADPH +H" +0, —————

Ethanol CH, — EHO -+ NADFT + 2H,0
Rcetaldehyde

In some Asian populations and MNartive Americans,
alcohol consumprion resules in increased adverse reac-
tions o acetaldehyde owing to a peneric defect of miro-

chondrial aldehyde dehydrogenase,

ADIPOSE TISSUE IS THE MAIN STORE
OF TRIACYLGLYCEROL IN THE BODY

The triacylglveeral stores in adipose tissue are continu-
ally undergoing lipolysis (hydrolysis) and reestenfica-
rion (Figure 25-7). These rwo processes are entirely dif-
ferent  pathways  involving  different reactanes and
enzymes, 1 his allows the processes of esterification or
lipalysis to be regulated separarcly by many nutritional,
metabolic. and hormonal factors, The resulrant of chese
rwo processes derermines the magnitude of the free
facty acid pool in adipose tssue, which in turm deter-
mincs the level of free farry acids circulating in the
plasma, Since the larter has most profound effects upon
the metabolism of other dssues, partcularly liver and
muscle, the factors operating in adipose tssue that reg-
ulate the outflow of free farty acids exert an influence
far beyond the tissue itself,

The Provision of Glycerol 3-Phosphate
Regulates Esterification: Lipolysis Is
Controlled by Hormone-Sensitive Lipase
(Figure 25-7)

Triacylglycerol is synthesized from acyl-Cod and glye-
erol 3-phosphate (Figure 24-2), Because the enzyme
glyeerol kinase is not expressed in adipose nssue, glye-
crol cannot be wilized for the provision of glyeerol
3-phosphate, which must be supplied by glucose via
glycolysis,

Tracylglycerol undergoes hydrolysis by 4 hormone-
sensitive lipase to form free fary acids and glyeerol.
This lipase is distinct from lipoprotein lipase that cae-
alyzes Tip-nprmuin triacylglycerol hydralysis before ies
uptake into extrahepatic tissues (see above), Sinee glye-
crol cannot be urilized, it diffuses into the blood,
whence it is utilized by tissues such as those of the liver
and kidney, which possess an active glycerol kinase.

Glugose
BL00D Insulin_ +
T
| ADIPOSE TISSUE|  Glucose 6-phosphate
Glycolysis
COp =+—PPP
{ Acatyl-Cod
MADPH + H*
COz
Glyceral
Acyl-CoA 3-phosphate
T L\ Esterfication
ATP s a1
CoA (TG |
ACYL-CoA |~ T =
SYNTHETASE HORMOMNE-
SENSITIVE
LIPASE
Lipolysis. \‘
FFA = - FFa Glycerol
(pool 2) {paal 1)
&
LIPOPROTEIN
LIPASE
T L
N FFA - erol

T = Ghye
TG
L {chylomicrans, VLDL)

L L

FFA Glycaral

Figure 25-7. Metabolism of adipose tissue, Hor-
mone-sensitive lipase is activated by ACTH, TSH,
glucagon, epinephrine, norepinephrine, and vaso-
pressin and inhibited by insulin, prostaglandin E,, and
nicotinic acid. Details of the formation of glycerol
F-phosphate from intermediates of glycolysis are
shown in Figure 24-2. (PPP, pentose phosphate path-
way; TG, triacylglycerol; FFA, free fatty acids; VLDL, very
low density lipoprotein.)



The free farry acids formed by lipolysis can be recon-
verted in the tssue o acyl-CoA by acyl-CoA syn-
thetase and reesterified with gl}r-:tml 3-phosphate w
form triacylglycerol. Thus, there is a continuous cycle
of lipolysis and reesterification within the tissue.
However, when the rate of reesterification is nor suffi-
cient to match the rate of lipalysis, free fatry acids accu-
mulate and diffuse into the plasma, where they bind w
albumin and raise the concentration of plasma free farry

acids.

Increased Glucose Metabaolism Reduces
the Output of Free Fatty Acids

When the wtilization of glucose by adipose tissue is in-
creased, the free farty acid outflow decreases. However,
the release of glycerol continues, demonstrating that the
effect of glucose is not mediated by redux:ing':ﬁe rate of
lipolysis. The effect is due to the provision of glycerol
3-phosphate, which enhances esterification of free fatry
acids. Glucose can take several pathways in adipose tis-
sue, including oxidation o CO, via the ciwic acid
cyele, oxidation in the pentose phosphate pathway,
conversion to long-chain fatty acids, and formation of
acylglyceral via ﬁ_l.eceml 3-phosphate (Figure 25-7).
When glucose utilization is high, a larger proportion of
the uptake is oxidized 1o CO; and converted 1w fary
acids. However, as total glucose unlization decreases,
the greater propartion of the Elumse is directed o the
formation of glycerol 3-phosphate for the esterification
ol acyl-CoA, which helps o minimize the efflux of free
Latty acids.

HORMONES REGULATE
FAT MOBILIZATION

Insulin Reduces the Output
of Free Fatty Acids

The rate of release of free farry acids from adipose tissue
is affecred by many hormones that influence eicher the
rate of esterification or the rare of lipolysis. Insulin in-
hibits the release of free farry acids from adipose tissue,
which is followed by a fall in circulating plasma free
farry acids. Ir enhances lipogenesis and the synthesis of
acylglycerel and increases [!RE oxidation of glucose o
CO, via the pentose phosphate pathway. All of these ef-
fects are dependent on the presence of glucose and can
be explained, o a large extent, on the basis of the abil-
iy of insulin o enhance the uprake of glucose into adi-
pose cells via the GLUT 4 transporter. Insulin also in-
creases the activity of pyruvate dehydrogenase, aceryl-
CoA carboxylase, and glycerol phosphare acylrrans-
ferase, reinforcing the e]%e:ts of increased glucose up-
take on the enhancement of farry acid and acylglycerol
synthesis, These three enzymes are now known o be
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regulared in a coordinate manner by phosphorylartion-
dephosphorylation mechanisms.

A principal action of insulin in adipose tissue is w
inhibit the activity of hormone-sensitive lipase, reduc-
ing the release not only of free farty acids but of glycerol
as well. Adipose tissue is much more sensitive to insulin
than are many other tissues, which points to adipose
tissue as 2 major site of insulin action in vivo.

Several Hormones Promote Lipolysis

Other hormones accelerate the release of free farcy acids
from adipose rissue and raise the plasma free fany acid
concentration by increasing the rare of lipolysis of the
triacylglycerol swres (Figure 25-8). These include epi-
nephrine, norepinephrine, glucagon, adrenocorricorro-
pic hormone (ACTH), o- and [-melanocyte-stimular-
ing hormones (MSH), cthyroid-stimulating hormone
(TSH), glﬂwrh hormone (GH}), and vasopressin. Many
of these acrivare the hormone-sensitive lipase. For an
oprimal effect, most of these lipolytic processes require
the presence of glucocorticoids and thyroid hor-
mones. | hese hormones act in a facilitatory or per-
missive capacity with respect to other lipolyric en-
docrine factors.

The hormones thar ace rapidly in promoring lipoly-
sis, ie, catecholamines, do so Ey stimulating the activiy
of adenylyl cyclase, the enzyme that converts ATP o
cAMP. The mechanism is analogous to thar responsible
for hormonal simuolation of glycogenolysis (Chap-
ter 18). cAMP, by stimulating cAMP-dependent pro-
tein kinase, activates hormone-sensitive lipase. Thus,
processes which destroy or preserve cAMP influence
lipolysis. cAMP is degraded ro 5"-AMI by the enzyme
cyclic 3,5 -nucleotide phosphodiesterase. This en-
zyme is inhibited by methylvanchines such as caffeine
and theophylline. Insulin antagonizes the effect of the
lipolytic hormones. Lipolysis appears to be more sensi-
tive to changes in concentration of insulin than are glu-
cose utilization and esterification. The ancilipolytic ef-
fects of insulin, nicotinic acid, and prostaglandin E, are
accounted for by inhibiton of the synthesis of cAMP at
the adenylyl cyclase site, acting through a G, protein.
Insulin also stimulares phosphodiesterase and the lipase
phospharase thar inactivates hormone-sensitive lipase.
The effect of growth hormone in promoting lipolysis is
dependent on synthesis of proteins imfohrejin the for-
marion of cAMP. Glucocorticoids promote lipolysis via
synthesis of new lipase protein by a eAMP-independent
gathwa}, which may be inhibited by insulin, and also

y promoting wanscription of genes involved in the
cAMP signal cascade. These findings help o explain
the role of the piruitary gland and the adrenal correx in
enhancing far mobilization. The recendy discovered
body weighr regulatory hormone, leptin, stimulages
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Figure 25-8. Control of adipose tissue lipolysis, (TSH, thyrold-stimulating hormone; FFA, free fatty acids.)
Mote the cascade sequence of reactions affording amplification at each step. The lipolytic stimulus is “switched
off” by remaoval of the stimulating harmone; the action of lipase phosphatase; the inhibition of the lipase and
adenylyl cyclase by high concentrations of FFA; the inhibition of adenylyl cyclase by adenasine; and the removal
of cAMP by the action of phosphodiesterase. ACTH, T5H, and glucagon may not activate adenylyl cyclase in vivo,
since the concentration of each hormone required in vitro is much higher than is found in the circulation. Posi-
tive ((2) and negative (2) regulatory effects are represented by broken lines and substrate flow by selid lines,

lipalysis and inhibits lipogenesis by influencing the ac-
tivity of the enzymes in the pathways for the break-
down and synchesis of farry acids.

The S}rmparhetic nervous system, through liberation
of norepinephrine in adipose rissue, plays a central role
in the mobilization of tree fatry acids. Thus, the in-
creased lipolysis caused by many of the factors de-
scribed above can be reduced or abolished by denerva-
tion of adipose tissue or by ganglionic blockade.

A Variety of Mechanisms Have Evolved for
Fine Control of Adipose Tissue Metabolism

Human adipose tissue may not be an imporrant site of
lipogenesis. There is no significant incorporation of
glucose or pyruvate into long-chain fary acids; ATP-

cirrate lyase, a key enzyme in lipogenesis, does not ap-
pear to be present, and other lipogenic enzymes—eg,
glucose-6-phosphate dehydrogenase and the malic en-
zyme—do not undergo adaprive changes. Indeed, it has
been suggested dhar in humans there is a "carbohydrare
excess syndrome” due o 4 unigue limirartion in abilicy
to dispose of excess carbohydrate by lipogenesis. In
birds, lipogenesis is confined to the liver, where it is
particularly important in providing lipids for egg for-
mation, stimulated by estrogens. Human adipose tissue
is unresponsive to most of ?e lipolytic hormones apart
from the carecholamines.

On consideration of the profound derangement of
metabolism in diabetes mellitus (due in large parr o
increased release of free farry acids from the depors) and
the fact that insulin to a large extent corrects the condi-
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Figure 25-9. Thermogenesis in brown adipose tis-
sue. Activity of the respiratory chain produces heat in
addition to translocating protons {Chapter 12), These
protons dissipate more heat when returned to the
inner mitochendrial compartment via thermogenin in-
stead of generating ATP when returning via the F, ATP
synthase. The passage of H* via thermogenin is inhib-
ited by purine nucleotides when brown adipose tissue
is unstimulated. Under the influence of norepinephring,
the inhibition is removed by the production of free
fatty acids [FFA) and acyl-CoA. Note the dual role of
acyl-CoA in both facilitating the action of thermogenin
and supplying reducing equivalents for the respiratory
chain. & and 2 signify positive or negative regulatory
effects.
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tion, it must be concluded char insulin plays a promi-
nent role in the regulation of adipose rissue metabolism.

BROWN ADIPOSE TISSUE
PROMOTES THERMOGENESIS

Brown adipose tissue is involved in metabolism particu-
larly at times when heat generation is necessary. Thus,
the tissue is excremely active in some species in arousal
trom hibernartion, in animals exposed to cold (nonshiv-
ering thermogenesis), and in heat production in the
newborn animal. Though not a prominent dssue in hu-
mans, it is present in normal individuals, where it could
be responsible for “diet-induced thermogenesis.” It is
noteworthy that brown adipose tissue is reduced or ab-
sent in obese persons. The tssue is characterized by a
wcll-dcvcluprfhlnnd supply and a high content of mi-
tochondria and cyrochromes but low activicy of ATP
synthase. Metabolic emphasis is placed on oxidadon of
both glucose and farty acids. Norepinephrine liberared
from sympathetic nerve endings is important in increas-
ing lipolysis in the dssue and increasing synthesis of
lipoprotein lipase to enhance urilization of triacylglyc-
erol-rich lipoproteins from the circulation. Oxidarion
and phosphorylation are not coupled in mirochondria
of this tissue, and the phosphorylation that does occur
is at the substrate level, eg, at the succinate thiokinase
step and in glvcolysis. Thus, oxidation produces much
heat, and litde free energy is trapped in ATP. A ther-
mogenic uncoupling protein, thermogenin, acts as a
proton conductance pathway dissipating the electro-
chemical porential across the mitochondrial membrane
{Figure 25=9).

SUMMARY

* Since nonpolar lipids are insoluble in water, for
transport berween the tissues in the aqueous blood
plasma they are combined with amphipathic lipids
and proteins o make water-miscible lipoproteins,

* Four major groups of lipoprowins are recognized:
(:h}rh:micn:ln:i transpare IiPidh‘ T::ul.:]tlng from d':g:.li-
tion and a]‘:.tcnrpf'inn. IIrrn:r_'.r levwr ::ll.-n.l;lty ]'Lpnprnn:lmi
(VLDL) transport triacylglveerol from the liver. Low-
:{l:nsif:.r |jp:1pmn:i.n.l; (LIDL) deliver cholesteral to the
tissues, and [']i.El'l-l{l:rl!il-Tj.-' |'||'m|1mn:jnﬁ {HDL) remove
chalesterol from the nssues in the process known as
reverse cholesterol ransport,

* Chylomicrons and VI.DL are merabolized by hydrol-
vsis of their :ria{'}']fl}fceml. and lipoprotein remnants
are left in the circulation. These are aken up by liver,
bur some of the remnants (IDL) resulting from
VI.DL form LDL which is taken up by the liver and
other tissues via the LDL recepror.



21B [/ CHAPTER25

* Apolipoproteins constitute the protein moiery of
lipoproteins. They act as enzyme activators (eg, apo
C-I1 and apo A-I}) or as ligands for cell receptors (eg,
apo A-I, apo E, and apo B-100).

* Triacylglycerol is the main storage lipid in adipose
tissue, Upon maobilization, free farry acids and glyc-
erol are released. Free farty acids are an importane
fuel source,

* Brown adipose tssue is the site ol “nonshivering
thermogenesis.” It is found in hibernating and new-
borm animals ahd 15 present in small qu:mtjr.}' in l'n.l.—
mans. Thermogenesis results from the presence of an
uncoupling protein, thermogenin, in the inner mito-
chondrial membrane.
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Cholesterol Synthesis, Transport,

& Excretion

Peter A. Mayes, PhD, D5c, & Kathleen M. Botham, PhD, D5c¢

BIOMEDICAL IMPORTANCE

Cholesteral is present in tissues and in plasma either as
ﬁ'::: cholesteral or 45 a -imragc fnrm. c{:rnh':nrd wirh i
long-chain fatty acid as cholesteryl eseer. In plasma,
both forms are cranspored in lipoproteins (Chapeer
25}, Cholesterol 15 an nmphipathic lip'ld and as such s
an i:.l;h'::ntia| sTructura] mmpnncnt of me mhbranes :am‘l nF
the outer layer of plasma lipoproteins. Tt is synthesized
in many tissues from acetyl-CodA and is the precursor of
all ather steroids in the body such as corticosteroids, sex
hormones, bile acids, and vitamin D, As a eypical prod-
uct of antmal metsbolism, cholesterol ocours in foods
of animal origin such as egg yolk, meat, liver, and
brain. Plasma low-density lipapratein (LDL) is the ve-
hicle of uptake of cholesteral and cholesteryl ester into
many tissues. Free cholesterol is removed from oissues
by plasma high-density lipoprotein (HDL) and trans-
ported to the liver, where it is eliminated from the body
either unchanged or after conversion to bile acids in the
process known as reverse cholesterol transport. Cho-
lesteral 15 @ major constituent of gallstones, However,
its chief role in pathologic processes is as a factor in the
genesis of atherosclerosis of vital arteries, causing cere-
brovascular. coronary, and peripheral vascular disease.

CHOLESTEROL IS DERIVED
ABOUT EQUALLY FROM THE DIET
& FROM BIOSYNTHESIS

A lincdle more than half the cholesterol of the body arises
by synthesis (abour 700 mg/d), and the remainder is
provided by the average dier. The liver and intestine ac-
count for approximately 10% each of total synthesis in
humans. Virrually all tissues containing nucleated cells
are capable of cholesterol synthesis, which occurs in the
endoplasmic reticulum and the cytosol.

Acetyl-CoA Is the Source of All Carbon
Atoms in Cholesterol

The biosynthesis of cholesterol may be divided into five
steps: (1) Synchesis of mevalonate ocours from acetyl-
CodA (Figure 26-1). (2} lsoprenoid units are formed
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from mevalonate by loss of CO, (Figure 26-2). (3) Six
isoprenoid units condense to form squalenc. (4) Squa-
lene cyclizes o give rise to the parent steroid, lanos-

terol. (5) Cholesterol is formed from lanosterol {Figure
26-3).

Step 1—Biosynthesis of Mevalonate: HMG-CoA
(3-hydroxy-3-methylgluraryl-Cod) is formed by the re-
actions used in mlmﬁmndrh to synthesize ketone bod-
ies (Figure 22-7). However, since cholesterol synthesis
is extramitechondrial, the two pathways are distince.
Initially, two molecules of acetyl-CoA condense to
form aceroaceryl-CoA catalyzed by cyrosolic thiolase.
Aceroaceryl-CoA condenses with a further molecule of
aceryl-Codl catalyzed by HMG-CoA synthase o form
HMG-Cof, which is reduced to mevalonate by
WADPH caralyzed by HMG-CoA reductase. This is
the principal regulatory step in the pathway of choles-
terol synchesis and is che site of action of the most effec-
tive class of cholesterol-lowering drugs, the HMG-CaA
reducrase inhibirors (srarins) (Figure 26-1).

Step 2—Formation of Isoprenoid Units: Meval-
onate is phosphorvlated sequentally by ATP by chree
kinases, and afrer decarboxylation (Figure 26-2) the ac-
tive lsoprenoid unir, isopentenyl diphesphate, is
formed.

Step 3—S8ix Isoprenoid Units Form Squalene:
Liopentenyl diphosplate is isomerized by a shifr of the
double bond to form dimethylallyl diphosphate, then
condensed with another molecule of isopentenyl
diphosphate ro form the ten-carbon intermediare ger-
anyl diphosphate (Figure 26-2). A further condensa-
ton with isopentenyl diphosphate forms farnesyl
diphosphate. Two molecules of farnesyl diphosphate
condense at the diphosphate end to form squalene. Ini-
tially, inorganic pyrophosphate is eliminated, forming
presqualene diphosphate, which is then reduced by
MADPH with elimination of a further inorganic py-
rophosphate molecule.

Step 4—Formation of Lanesterol: Squalene can
told inro a structure that closely resembles the sceroid
nucleus (Figure 26-3). Before ring closure occurs, squa-
lene is converted to squalene 2,3-epoxide by a mived-
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Figure 26-1. Biosynthesis of mevalonate. HMG-CoA
reductase is inhibited by atorvastatin, pravastatin, and
simvastatin. The open and solid circles indicate the fate
of each of the carbons in the acetyl moiety of acetyl-
CoA,

function oxidase in the endoplasmic reticulum, squa-
lene epoxidase. The methyl group on C, is ransferred
to C,; and thar on C; to Cy, as cyclization eccurs, cat-
alyzed by oxidosqualene:lanosterol cyclase.

Step 5—Formation of Cholesterol: The forma-
tion of cholesteral from lanesterel takes place in the
membranes of the endoplasmic reticulum and involves
changes in the steroid nucleus and side chain (Figure
26-3), The methyl groups on C,; and C; are removed
to form 14-desmethyl lanosterol and then zymosteral,
The double bond at Cy-C, is subsequently moved to
C;-C; in two steps, forming desmosterol. Finally, the
double bond of the side chain is reduced, producing
cholesteral. The exact order in which the steps de-
scribed actually take place is not known with cer-
raincy.

Farnesyl Diphosphate Gives Rise
to Dolichol & Ubiquinone

The polyisoprencids  dolichol (Figure 14-20 and
Chaprer 47) and ubiguinone {Figure 12-5) are formed
from farnesyl diphosphare by the further addition of up
to 16 (dolichol) or 3-7 {ubiquinone) isopentenyl
diphosphate residues, respecrively. Some GTP-hinding
proteins in the cell membrane are prenylated with far-
nesyl or geranylgeranyl (20 carbon) residues. Prorein
prenylation is believed to facilitare the anchoring of
proteins into lipoid membranes and may also be in-
volved in protein-protein interactions and membrane-
associated protein wrafficking,

CHOLESTEROL S5YNTHESIS IS
CONTROLLED BY REGULATION
OF HMG-CoA REDUCTASE

Regulation of cholesterol synthesis is exerted near the
beginning of the pathway, ar the HMG-CoA reductase
step. The reduced synthesis of cholesterol in starving
animals is accompanied by a decrease in the acrivity of
the enzyme. However, it is only hepatic synthesis thar is
inhibired by dierary cholesterol. HMG-CoA reductase
in liver is inhibited by mevalonare, the immediate prod-

uct of the pathway, and by cholesterol, the main prod-
uct. Cholesterol {or a metabolite, eg, oxygenated steral)
represses transcripion of the HMG-CoA reductase
gene and is also believed to influence rranslation. A di-
urnal variation occurs in both cholesterol synthesis
and reducrase acrivity. In addicion ro these mechanisms
regularing the rate of protein synthesis, the enzyme ac-
tivity is also modulared more rapidly by postransla-
rional modification (Figure 26-4). Insulin or thyroid
hormone increases HMG-CoA  reductase acrivity,
whereas glucagon or glucocorticoids decrease it Activ-
ity is reversibly modified by phosphorylation-dephos-
phorylation mechanisms, some of which may be
cAMP-dependent and cherefore immediately responsive
o Hluca.%)n. Awemprs to lower plasma cholesteral in
humans by reducing the amount of cholesterol in the
dier produce \rariab?e resules, Generally, a decrease of
100 mg in dietary cholesterol causes a decrease of ap-
proximartely 0.13 mmol/L of serum.

MANY FACTORS INFLUENCE THE
CHOLESTEROL BALANCE IN TISSUES

In tissues, cholescerol balance is regulated as follows (Fig-
ure 26-3); Cell cholesterol increase is due o uptake of
cholesterol-containing lipoproteins by receprors, og, the
LDL receptor or the scavenger receptor uptake of free
cholesterol from cholesterol-rich lipoproteins to the cell



ATP ADP

CHs oM CH, OH
Mo
wo SR T R o
ch, ok, oM |MEGueET cH, o, o=@
Mevalonate Mevalonate S5-phosphate
ATP
PHOSPHOMEVALOMATE Mgz*
KINASE
ADP
ADP ATP
cH, o—@ CH,
s N wg?" . ey 7
WL NN R
CH? CHz ﬂ—@-—"@ DIF'I'IGSPI:E'IJI'I'I";EEEHLCHATE I:HE IC:H '[] @ @
Mevalonate 3-phospho-5-diphosphate Mevalonate S-diphosphate
‘Hﬂ\‘-_‘_“-‘ cﬂz* pl
HMG-Coh DIPHOSPHO-
4 MEVALONATE
Irans-Methyl- CH, DECARBOXYLASE GCH,
ghaaconate | é O, é &
shunt Mot L
/’ ‘\\ & N b @ S N
(P ISOPEMTEMYL- P}
o—-E~® et | ct: o o—B~@®
3,3-Dimethylaliyl ISOMERASE Isapentenyl
‘H,,,rf' diphosphate diphosphale
e L J L
lsopentenyl tRNA CISPRENYL K e
TRAMNSFERASE PR,
1) 1
Prenylated protelns // Q\\\\ Q\\\\ @—-—@
Geranyl diphosphate

CIS-PRENYL
TRAMSFERASE

TRANS-PRENYL Ci5-PRENYL
TRANSFERASE EH TRAMNSFERASE
Side chain aof 2
ublguinone /\/\/\/\/\/ Y @F Dolichal
o— m—
Famesyl diphosphate
Heme-a NADPH + H*
[ SOUALENE SYNTHETASE | | pagit pani*
2PP, MWADP™
/\/W\/\/ e
N N Y e
Squalene

Figure 26-2. Biosynthesis of squalene, ubiguinone, dolichel, and other palyisoprene derivatives, (HMG,
3-hydroxy-3-methylglutaryl; =, cytokinin.) A farmesyl residue is present in heme a of cytochrome oxidase.
The carbon marked with asterisk becomes C,, or C;, in squalene. Sgualene synthetase is a microsomal en-
#yme; all other enzymes indicated are soluble cytosolic proteins, and some are found In peroxisomes.,

211



222 | CHAPTER 26

L
] CHy

CHy

- .” & - - - - -
CH;—"C Mo §— Cod— “00C — CH,— lli—GHg—C-HgﬂH

s

S

] .I - ]
CH;—"C =CH —CH,-

eh g els P H,O
Acetyl-Cod Mevalonate Isoprencid unit
EH . E:H w
;] CHy 4 CHy
-““'x“'.a-"‘f - o -
c "CH, c "CH,
L] L]
EH *CH Ho= ~Ch 'EH *CH e l';“'EH3
Equdnnu “t..-“"r 2-».,‘_:.5.!"\"‘-,,\1. '_ﬂ"‘“cHa “e‘ b ‘-E 8 -_u“-I:Hu
epoxida | CHp CH | “CH, : CH, CH CH, :
: |1 : [—
" CH : I - CH °
'CH. 1 CH C = CH 'CH 1 CH [ CH
8 L P g Mp=_1 ¢ 7| SoUALENE 4 CA P g T .
Hzr_‘."f ey ‘-"Q-\.,‘n ? CH, EPORIDASE Hicf ~° Q"“H\'“c CH,
- L 'N;_“' w
| I CHs | | CH —
3 MNADFH a X6
HE.\-.,N. Lty i mp 20 H‘E%, E:H-\,H CHy
/C EHz /_,‘-C E"'? Squakena
o | \\EH OXIDOSCUALENE: v \‘\‘ o
cH H, LANOGSTEROL 4 CH,
aH CYCLASE
- - &
H— COOH 200, b
MADPH 0., HADPH i1
Oy MAD*
HO HO
14-Desmethyl Zymosteral
lanosterol
\
24
NADPH
e
0,
T
HO HO
Chalesterol e Desmostero| A" Chalestadiensl
{24-dehydrochalestaral)

Triparanal

Figure 26-3.

Biosynthesis of cholesterol. The numbered positions are those of the steroid nucleus and the

open and solid circles indicate the fate of each of the carbons in the acetyl moiety of acetyl-CoA. Asterisks: Refer

to labeling of squalene in Figure 26-2.
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Possible machanisms in the regulation of cholesterol synthesis by HMG-CoA reductase, Insulin

has a dominant role compared with glucagon. Asterisk: See Figure 18-6,

membrane; cholesteral synthesis; and hydralysis of cho-
lesteryl esters by the enzyme cholesteryl ester hydrolase,
Diecrease is due wo efflux of cholesterol from the mem-
branc to HDL, promoted by LCAT (lecithinzcholesterol
acyleransferase) {Chaprer 25); esterification of cholesterol
by ACAT (acyl-CoA:cholesteral acyltransferase); and uri-
lization of cholesterol for synthesis of other steroids, such
as hormones, or bile acids in the liver.

The LDL Receptor Is Highly Regulated

LDL {apo B-100, E) receprors occur on the cell surface
in pits that are coated on the oytosolic side of the ol
membrane with a protein called clachrin. The glycopro-
tein receptor spans the membrane, the B-100 binding
region being at the exposed amino cerminal end. Afeer
binding, LDIL is taken up intact by endocytosis, The
apoprotein and cholesteryl ester are then hydrolyzed in
the lysosomes, and cholesterol 15 translocared into the
cell. The receprors are recycled o che cell surface. This
influx of cholesterol inhibits in 2 coordinared man-
ner HMG-CoA synthase, HMG-CoA reductase, and,
therefore, cholesterol synthesis; sumulates ACAT activ-

ity; and down-regulates synthesis of the LML recepror.
Thus, the number of LDL receptors on the cell surface
is regulated by the cholesterol requirement for mem-
brancs, steroid hormones, or bile acid synchesis {Figure
26-5). The apo B-100, E recepror is a “high-affinicy”
LDL recepror, which may be sarurated under most cir-
cumstances, Other “low-affinity” LDL receprors also
appear to be present in addition to a scavenger path-
way, which is not regulaced.

CHOLESTEROL IS TRANSPORTED
BETWEEN TISSUES IN PLASMA
LIPOPROTEINS

(Figure 26-6)

[n Western countrics, the total plasma cholesterol in
humans is about 5.2 mmol/L, rising with age, though
there are wide variations between individuals. The
greater part is found in the escerified form, Tt is trans-
ported in lipoprotweins of the plasma, and the highest
propartion of cholesterol 15 found in the LDL, Dictary
cholesterol equilibrates with plasma cholesterol in days
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Figure 26-5. Factors affecting cholesterol balance

Prefi-HDL HOL3

at the cellular level, Reverse cholesterol transport may

be initiated by prefl HOL binding to the ABC-1 transporter protein via apo A-l. Cholesterol is then moved out
of the cell via the transporter, lipidating the HOL, and the larger particles then dissociate from the ABC-1 mol-
ecule, (C, chalesteral; CE, cholesteryl ester; PL, phosphaolipld; ACAT, acyl-CoA:xchalesterol acyltransferase; LCAT,
lecithinxcholesterol acyltransferase; A-l, apolipoprotein A-l; LDL, low-density lipoprotein; VLDL, very low den-

sity lipoprotein.) LOL and HOL are not shown to scale.

and with cissue cholesterol in weeks. Cholesteryl ester
in the diet is hydrolyzed w cholesteral, which is then
absorbed by the intestine together with dietary unesteri-
fied cholesteral and other lipids. With cholesterol syn-
thesized in the intestines, it is then incorporated into
chylomicrons. Of the cholesterol absorbed, 80-90% is
esterificd with long-chain fary acids in the intestinal
mucosa, Ninety-five percent of the chylomicron choles-
terol is delivered 1o che liver in chylomicron remnants,
and most of the cholesterol secreted by the liver in
VLDL is retained during the formation of IDL and ul-
timately LDL, which is taken up by the LDL recepror
in liver and extrahepatic tissues {Chapeer 25).

Plasma LCAT Is Responsible for Virtually
All Plasma Cholesteryl Ester in Humans

LCAT acriviry 15 associared with HDL containing apo
A-1, As cholesterol in HDL becomes esterified, it cre-

ates a concentration gradient and draws in cholesterol
from tissues and from other lipoproteins (Figures 26-5
and 26-6), thus enabling HDL to function in reverse
cholesterol transport (Figure 25-5).

Cholesteryl Ester Transfer Protein
Facilitates Transfer of Cholesteryl Ester
From HDL to Other Lipoproteins

This protein is found in plasma of humans and many
other species, associated with HDL. [t facilicates cransfer
of cholesteryl ester from HDL to VLDL, [DL, and LDL
in exchange for miacylglycerol, relieving product inhibi-
tion of LCAT activity in HDL. Thus, in humans, much
of the cholesteryl ester formed by LCAT finds its way to
the liver via VLDL remnants (IDL) or LDL {Figure
26-6). The wiacylglvcerol-enriched HDIL, delivers irs
cholesterol to the liver in the HDL cycle {Figure 25-5),
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Figure 26-6. Transport of cholesterol between the tissues in humans. {C, unesterified cholesterol; CE, cho-
lesteryl ester; TG, triacylghycerol; VLOL, very low density lipoprotein; IDL, intermediate-density lipoprotein; LOL,
low-density lipopratein; HOL, high-density lipoprotein; ACAT, acyl-Codxcholesterol acyltransferase; LCAT,
lecithin:cholesteral acyltransferase; A-l, apolipoprotein A-l; CETP, cholesteryl ester transfer protein; LPL, lipopro-
tein lipase; HL, hepatic lipase; LRP, LDL receptor-related protein,}

CHOLESTEROL IS EXCRETED FROM THE feces; 1t is formed from cholesierol by the bacteria in
BODY IN THE BILE AS CHOLESTEROL OR the lower intestine.
BILE ACIDS (SALTS)

Abour 1 £ of cholesteral 15 elimimated from the body

per day. Approximately half is excreted in the feces after The primary bile acids are synthesized in the liver from
conversion to bile acids, The remainder is excreted as cholesterol. These are cholic acid (found in the largest
cholesterol, Coprostanal is the principal sterol in the amount) and chenodeoxycholic acid (Figure 26-7).

Bile Acids Are Formed From Cholesterol
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{secondary bile acid)

Biosynthesis and degradation of bile acids. A second pathway in mitochondria involves hy-

droxylation of cholesterol by sterol 27-hydroxylase. Asterisk; Catalyzed by microhial enzymes,

The 7o-hvdroxvlation of cholesteral is the firstc and
principal regulatory step in the biosynthesis of bile acids
catalyzed by 7a-hydrexylase, a microsomal enzyme. A
typical monooxygenase, it requires onygen, NADPH,
and cytochrome P450. Subsequent hydroxylation steps
are also canalyzed by monooxygenases. The pathway of
bile acid biosynchesis divides carly into one subpathway
leading to cholyl-CoA, characterized by an extra a-OH
group on position 12, and another pathway leading to

chenodeoxycholyl-CoA (Figure 26-7). A second path-
way in mitochondria involving the 27-hydroxylation of
cholesterol by sterol 27-hydroxylase as the first step is
responsible for a significant proportion of the primary
bile acids synthesized. The primary bile acids {Figure
26=7) enter the bile as glycine or raurine conjugares,
Conjugation takes place in peroxisomes. In humans, the
ratio of the glycine to the taurine conjugates is normally
3:1. In the alkaline bile, the bile acids and their conju-
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gates are assumed to be in a salt form—hence the term
“bile sales.”

A partion of the primary bile acids in the intestine is
subjected to further changes by the acrivity of the in-
testinal bacteria. These include deconjugation and 7o
dehydroxylation, which produce the secondary bile
acids, deoxycholic acid and lithochalic acid,

Most Bile Acids Return to the Liver
in the Enterohepatic Circulation

Although products of far digestion, incuding choles-
terol, are absorbed in the first 100 cm of small intestine,
the primary and sccondary bile acids arc absorbed al-
most cxclusively in the ileum, and 98-99% arc re-
tmed 1o the liver via the portal circulaton, This is
known as the enteroheparic circulation [ Figure 26-6).
However, lithochalic acid, becausc of its insolubility, is
nat reabsorbed to any significant cxtent. Only a small
fracrion of the bile salts escapes absorption and is there-
fore climinated in the feces. Nonctheless, this represents
a major pathway for the climination of cholesterol.
Each day the small pool of bile acids (abour 3-5 g} is
cycled through the intestine six to ten times and an
amount of bile acid cquivalent to that lost in the feces is
synthesized from cholesterol, so that a pool of bile acids
of constant size is maintained. This is accomplished by
a syscem of feedback controls,

Bile Acid Synthesis Is Regulated
at the 7a-Hydroxylase Step

The principal rate-limiting step in the biosynthesis of

bile acids is at the cholesterol 7o-hydroxylase reac-
tion (Figure 26-7). The activity of the enzyme is feed-
back-regulared via the nuclear bile acid-binding recep-
tor farnesoid X receptor (FXR). When the size of rﬁe
bile acid pool in the entercheparic circulation increases,
FXR is activared and cranscription of the cholesterol
Tot-hydroxylase gene is suppressed. Chenodeoxycholic
acid is particularly importane in activating FXR. Cho-
lesterol 7ot-hydroxylase activity is also enhanced by
choleseerol of endogenous and diecary origin and regu-
lated by insulin, glucagon, plucocorticoids, and thyroid

hormone.

CLINICAL ASPECTS

The Serum Cholesterol Is Correlated With
the Incidence of Atherosclerosis &
Coronary Heart Disease

While cholesterol is belicved to be chicfly concerned in
the relationship, other serum lipids such as triacylglye-
erols may also play a role, Atherosclerosis is characrer-

ized by the deposition of cholesterol and chalesteryl
ester from the plasma lipoproteins into the artery wall.
Diseases in which prolonged elevated levels of VLDL,
[, chylomicron remnants, or LDL occur in the
bload (cg, diabetes mellitus, lipid nephrosis, hypothy-
roidism, and other conditions of hyperlipidemia) are
often accompanied by premature or more severe ather-
asclerosis, There is also an inverse relationship berween
HDL (HDL,) concentrations and coronary heare dis-
ease, and some consider that the mast predictive rela-
tionship 15 the LDL:HDL cholesterol ratio. This is
consistent with the function of HDDL in reverse choles-
terol transport, Susceptibility to atherosclerosis varies
widely among specics, and humans are one of the few
in which the disease can be induced by diets high in

cholesterol.

Diet Can Play an Important Role in
Reducing Serum Cholesterol

Hereditary factors play the greatest role in determining
individual serum cholesterol concentrations; however,
dietary and environmentral facrors also play a part, and
the mast beneficial of these is the substiturion in the
dier of polyunsaturated and monounsaturated fatty
acids for saturared farry acids. Plant oils such as corn oil
and sunflower seed oil contain a high proportion of
!:nlyunsa:urared farey acids, while olive oil conrains a

h concentration of monounsaturared farey acids, On
'r_he other hand, burterfat, beef fat, and palm oil coneain
a high proportion of sarurared farry acids. Sucrose and
fructose have a greater effecr in raising blood lipids, par-
ticularly triacylglycerals, than do other carbohydrares.

The reason for the cholesterol-lowering effect of
polyunsarurared farry acids is seill nor fully understood.
It is clear, however, thar one of the mechanisms in-
volved is the up-reguladon of LDL receprors by paly-
and monounsaturated as compared with saturated facry
acids, causing an increase in IJI:;E catabolic rare of LDL,
the main atherogenic lipoprotein. In addition. sarurared
tatry acids cause the formation of smaller VLDL parei-
cles thar contain relatively more cholesterol, and they
are utilized by extraheparic tissues at a slower rate than
are larger particles—rendencies thar may be regarded as
atherogenic.

Lifestyle Affects the Serum
Cholesterol Level

Additional factors considered to play a part in coronary
hearr disease include high blood pressure, smoking,
male gender, obesity (particularly abdominal obesity),
lack of cxercise, and drinking soft as opposed to hard
water, Factors associated with clevation of plasma FFA
followed by increased ourpur of triacylglveerol and cho-
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lesterol inte the crculation in VLDL include emotional
Siress .'lnd EﬂFFL'L" d.n'nll;ing. I’frmcnﬂ]”ﬂuﬂ.]l WOITEn :IIT-

pear to be protected against many

facrors, and this is thoughe o be related o the benefi-
cial cffects of estrogen. There is an association between
moderate aleohol consumption and a lower incidence

of these deleterions

of coronary heart disease. This may be due to elevation
of HDL concentrations resulting from increased syn-
thests of apo A-l and l:hangts in acti'.'ir:; of chnlcxtrr}rl
ester transfer protein, Ie has been claimed thar red wine
is particularly beneficial, perhaps because of its content
[:If ﬂntiﬂxi{lﬂntﬁ. Ilcgu]:lr ﬂxl.:l'ci.ﬁl;' ]n“'frﬂ F]J_Smﬂ I..n]..

Table 26-1. Primary disorders of plasma lipoproteins (dyslipoproteinemias).

MNamae

Defect

Remarks

Hypolipoproteinemias
Abetalipoprotelnemia

Familial alpha-lipoprotein deficiency
Tangier disease
Fish-eye disease
Apo-A- deficiencies

Mo chylomicrons, VLDL, or LDL are
farmed bacause of defect in the
loading of apo B with lipid.

All have low or near absence of HDL

Rare; blood acylglycerals low; intestine and liver
accumulate acylglycerols. Intestinal malabsorp-
tion, Early death avoidable by administration of
large doses of fat-soluble vitamins, particularly
vitamin E.

Tendency toward hypertriacylglycerolemia asa
result of absence of apo C-ll, causing inactive
LPL. Low LDL levels. Atherosclerosis in the al-
derly.

Hyperlipoproteinemias
Familial lipoprotein lipase
deficiency (type )
Familial hypercholesterolemia
(type lia}

Familial type Il hyperlipopratein-
emia {broad beta disease, rem-
nant removal disease, familial
dysbetalipoproteinemia)

Hypertriacylglyceralemia due ta de-
ficiency of LPL, abnormal LPL, or apo
C-Ii deficiency causing inactive LPL,

Defective LOL receptors or mutation
in ligand region of apa B-100,

Sh:n.-.n'_:learance af chylomicrens and VLDL. Low
levels of LDL and HOL Mo increased risk of coro-
nary disease.

Elevated LDL levels and hypercholesterolemia,
resulting in atherasclerosis and coronary disease.

Deficiency in remnant clearance by
the liver is due to abnormality in apo
E. Patients lack isoforms E3 and E4
and have anly E2, which does not
react with the E receptor.’

Increase in chylomicron and VUL remnants of
density < 1.019 {f-VLDL). Causes hypercholes-
terolemia, xanthomas, and atherosclerosis,

Familial hypertriacylglycerclemia

(type V)

Overproduction of VLOL often
associated with glucose intolerance
and hyperinsulinemia,

Familial hyperalphalipoproteinemia :

Increased concentrations of HDL

Cholesterol levels rise with the VLDL concentra-
tion, LDL and HOL tend to be subnormal, This
type of pattern is commanly associated with
coronary heart disease, type |l diabetes mellitus,
obesity, alcoholism, and administration of
pragestational hormanes,

& rare condition apparently beneficial to health
and longevity.

Hepatic lipase deficiency

Deficiency of the enzyme leads to
accumulation of large triacylgly-
cerel-rich HOL and VLDL remnants,

Patients have xanthomas and coronary heart
dizeaze,

Familial lecithinxchalesterol
acyltransferase {LCAT) deficiency

Absence of LCAT leads to block in
reverse cholesteral transport. HOL
remains as nascent disks incapable
aof taking up and estarifying choles-
terol.

Flasma concentrations of cholesteryl esters and
|ysolecithin are low. Present is an abnormal LDL
fraction, lipoprotein ¥, found alse in patients
with cholestasis, VLDL is abnormal (-vLDL),

Familial lipoproteinia) excess

Lpial consists of 1 mal of LOL
attached to 1 mol of apofal. Apola)
shows structural homologies to plas-

miinogen.

Premature coronary heart disease dus to athero-
sclerosis, plus thrombosis due to inhibition of
fibrinolysis.

"There is an asseclation between patients possessing the apo E4 allele and the incidence of Alzheimer's disease. Apparently, ape E4 binds

maore avidly to amyloid found in neuritic

plagues.
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but raises HDL. Triacylglycerol concentrations are also
reduced, due most likely to increased insulin sensitivity,
which enhances expression of lipaprotein lipase,

When Diet Changes Fail, Hypolipidemic
Drugs Will Reduce Serum Cholesterol
& Triacylglycerol

Significant reductions of plasma cholesterol can be of
fected medically by the use of cholestyramine resin or
surgically by the ileal exclusion operations. Both proce-
dures block the reabsorprion of bile acids, causing in-
creased bile acid synthesis in the liver. This increases
chalesterol excretion and up-regulates LDL receprors,
lowering plasma cholesterol. Sivosterol is a hyvpacholes-
terolemic agene thar aces by blocking the absorprion of
cholesterol from the gastrointestinal ract.

Scveral drugs are known to block the formation of
cholesterol at various stages in the biosynthetic path-
way, The statins inhibic HMG-CoA reductase, thus
up-regulating LDL receprors. Stating currenty in use
include atorvastatin, simvastatin, and pravastatin. Fi-
brates such as clofibrate and gemfibrozil act mainly o
lower plasma criacylghveerols by decreasing the secretion
of wmiacylglycerol and cholesterol-containing VLDL by
the liver. In addition, they stimulate hydrolysis of
VLDL triacylglycerols by lipoprotein lipase. Probucel
appears to increase LDL carabolism via recepror-
independent pathways, but its antioxidant propertics
may be more important in preventing accumulation of
oxidized LDL, which has enhanced atherogenic proper-
tics, in areerial walls. Nicotinic acid reduces the Aux of
FFA by inhibitng adipose tissuc lipolysis, therchy in-
hibiting VLDL production by the liver.,

Primary Disorders of the Plasma
Lipoproteins [Dyslipoproteinemias)
Are Inherited

Inherired defects in lipoprotein merabolism lead ro the
primary condition ulljeidier hypo- or hyperlipopro-
teinemia (Table 26-1). In addidon, diseases such as
diabetes mellitus, hypothyroidism, kidney disease
(nephrotic syndrome), and atherosclerosis are associ-
ated with secondary abnormal lipoprotein parterns thar
are very similar to one or another of the primary inher-
ited conditions. Virtually all of the primary condirions
are due to a defect ar a stage in lipoprotein formation,
ranspore, or destruction (see Figures 25-4, 265, and
26-6). Nor all of the abnormalities are harmbul.

SUMMARY

* Cholesterol is the precursor of all other steroids in
the body, eg, corticosteroids, sex hormones, bile

acids, and vicamin [, It also plays an important
structural role in membranes and in the outer laver of
lipoproteins.

* Cholesterol is synthesized in the body entirely from
aceryl-CoA. Three molecules of aceryl-CoA form
mevalonate via the important regulatory reaction for
the pathway, catalyzed by HMG-CoA reductase.
MNexr, a five-carbon isoprenoid unir is formed, and
six of these condense to form squalene. Squalene un-
dergoes cyclization to form the parent steroid lanos-
terol, which, after the loss of three methyl groups,
forms cholesteral.

¢ Chaolesterol synthesis in the liver s regulated partly
by cholesterol in the dier, [n tissues, cholesterol bal-
ance is maintained berween the factors causing gain
of cholesteral {cg, synthesis, uptake via the LDL or
scavenger receprors) and the factors causing loss of
cholesterol (eg, steroid synthesis, cholesteryl ester for-
mation, excreton). The activigy of the LDL recepror
is modulated by cellular cholesteral levels to achieve
this balance. In reverse cholesterol transporr, HDL
{prefi-HDL, discoidal, or HDL,) rakes up cholesterol
from the tissucs and LCAT esterifics it and deposits
it in the core of HOL, which is converted o HDL,.
The cholesteryl ester in HDL, is taken up by the
liver, either dircety or after transfer o VLD, 1DL,
or LDL via the cholesteryl ester transfer protein,

* Excess cholesterol is excrewed from the liver in the
bile as cholesterol or bile salts, A large proportion of
bile salts is absorbed into the ]'lnrtal circulation and
returned 1o the liver as part of the enteroheparic cir-
culation,

* Elevared levels of cholesterol present in VLDL, IDL,
or LDL are associated with atherosclerosis, whereas
high levels of HDL have a protective effect.

* Inhericed defects in lipoprotein metabolism lead o a
primary condition of hypo- or hyperlipoproteinemia.
Conditions such as diaberes mellitus,  hypothy-
roidism, kidncy discasc. and atherosclerosis cxhibic
sccondary abnormal lipoprotein patterns that resem-
ble certain primary conditions.
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Integration of Metabolism—
The Provision of Metabolic Fuels

David A Bender, PhD, & Peter A. Mayes, PhD, DSc

EIOMEDICAL IMPORTANCE

An adult human weighing 70 kg requires abour 10-12
M (2400=2900 kcal) from merabolic fuels each day.
This requirement is met from carbohydrares (40-60%),
lipids (mainly triacylglycerol, 30—40%), protein (10~
15%), and alcohol if consumed. The mix being oxi-
dized varies depending on whether the subjecr is in the
fed or starving state and on the intensity of physical
work. The requirement for metabolic fuels is relatively
constant throughour the day, since average physical ac-
tivity only increases merabolic rate by abour 40-50%
over the basal merabolic rate. However, most people
consume their daily intake of metabolic fuels in two or
three meals, so there is a need 1o form reserves of carbo-
hydrare {glycogen in liver and muscle) and lipid (cri-
acylglycerol in adipose tissue) for use berween meals.

[f the intake of fuels is consistently greater than en-
ergy expenditure, the surplus is stored, largely as far,
leading 1o the development of obesity and its associared
health hazards. If the intake of fuels is consistenty
lower than energy expenditure, there will be negligible
far and carbohydrare reserves, and amino acids arising
from protein turnover will be used for energy rather
than replacement protein synchesis, leading 1o emacia-
tion and eventually death.

After a normal meal there is an ample supply of car-
bohydrate, and the fuel for most tissues is glucose. In
the starving stare, glucose must be spared for use by the
central nervous system {which is largely dependent on
glucose) and the eryvthrocytes iwhich are wholly reliant
on glucose). Ocher tissues can utilize alternarive fuels
such as fatry acids and ketone bodies. As glycogen re-
serves become deplered, so amino acids arising from
protein turnover and glycerol arising from lipolvsis are
used for gluconeogenesis. These events are largely con-
trolled by the hormones insulin and glucagon. [n dia-
betes mellitus there is either impaired synthesis and
secretion of insulin {(tpe | diaberes mellivus) or im-
paired sensitivicy of tissues to insulin acrion (type 2 di-
abetes mellitus), leading to severe merabolic derange-
ment. In cartle the demands of heavy lactation can lead
to ketosis, as can the demands of twin pregnancy in
sheep.

MANY METABOLIC FUELS
ARE INTERCONVERTIBLE

Carbohydrate in excess of immediate requirements as
tuel or for synthesis of glveogen in muscle and liver may
be used for lipogenesis (Chaprer 21} and hence triacyl-
glycerol synthesis in both adipose tissue and liver
{whence it is exported in very low density lipoprotein).
The importance of lipogenesis in human beings 15 un-
clea; in Western countrics, dictary far  provides
35—45% of energy intake, while in less developed coun-
tries where carbohydrate may provide 60-75% of en-
ergy intake the total intake of food may be so low that
there is little surplus for lipogenesis. A high intake of far
inhibirs lipogenesis.

Farty acids {and kerone bodies formed from them)
cannat be used for the synthesis of glucose, The reac-
tion of pyruvate dehydrogenase, forming aceryl-Cod, is
irreversible, and for every two-carbon unir from aceryl-
CoA that enters the citnic acid cycle there 5 a Joss of
two carbon atoms as carbon dioxide before only one
molecule of oxaloacetate is re-formed—ie, there is no
net increase, This means thar aceryl-CoA (and therefore
any substrares thar yield aceryl-CoA) can never be used
for gluconcogenesis {Chapter 19), The {relacively rare)
farty acids with an odd number of carbon aroms yicld
propionyl-CoA as the product of the final cycle of -
oxidation (Chaprer 22), and this can be a substrare for
gluconeogenesis, as can the glycerol released by lipolysis
of adipose tissue triacylglycerol reserves, Most of the
amino acids in excess of requirements for protein syn-
thesis (arising from the dier or from tssue progein
turnover) vield pyruvate, or five- and four-carbon in-
termediates of the citric acid cycle. Pyruvare can be
carboxylated o oxaloacetate, which is the primary
substrare for  gluconcogenesis, and the five- and
four-carbon intermediates also result in 2 et increase in
the formation of oxaloacetate, which is then available
tor gluconcogenesis. These amino acids are classified as
glucogenic. Lysine and leucine yield only aceryl-Cod
on oxidatgon and thus cannot be used for gluconcogen-
esis, while phenylalanine, tyrosine, oryptophan, and
isoleucine give rise to both aceryl-CoA and w interme-
diares of the citric acid cvele thar can be used for gluco-
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neogenesis, Those amino acids thar give rise to aceryl-
CoA are classified as ketogenic because in the starving
state much of the aceryl-CoA will be used for synthesis

of ketone bodies in the liver.

A SUPPLY OF METABOLIC FUELS
IS PROVIDED IN BOTH THE FED
& STARVING STATES

(Figure 27-1)

Glucose Is Always Required by the Central
Nervous System & Erythrocytes

Erythrocytes lack mitochondria and hence are wholly
reliant an glycolysis and the pentose phosphate path-
way. The brain can metabolize ketone bodics to meet
about 20% of its energy requirements: the remainder
must be supplicd by glucose. The metabolic changes
that occur in starvanion are the consequences of the
need to preserve glucose and the limited reserves of
glycogen in liver for use by the brain and erythrocytes
and to ensure the provision of aliernative fucls for other
tissucs. The fetus and synthesis of lactose in milk also
require a significant amount of glucose,

In the Fed State, Metabolic Fuel
Reserves Are Laid Down

For several hours after a meal, while the produces of di-
gestion are being absorbed, there is an abundant supply
of metabolic fuels. Under these conditions, glucose is
the major fuel for oxidation in most tssues; this is ob-
served as an increase in the respiratory quotient (the
ratio of carbon dioxide prudueedpm oxygen consumed)
from abour 0.8 in the starved stare to near | (Table
27-1).

Glucose uptake into muscle and adipose rissue is
controlled by insulin, which is secreted by the B isler
cells of the pancreas in response to an increased concen-
tration of glucose in the portal blood. An early response
to insulin in muscle and adipose dssue is the migration
of glucose transporter vesicles to the cell surface, expos-
m% active gl:ucﬂse transporters [GLUT 4). These in-
sulin-sensirive tissues will only rake up glucose from the
blood stream to any significant extent in the presence of
the hormone. As insulin secretion falls in the starved
state, so the rransporters are internalized again, reduc-
ing glucose uprake,

The uprake of glucose into the liver is independent
of insulin, but liver has an isoenzyme of hexokinase
{glucokinase) with a high K, so that as the concentra-
tion of glucose entering the liver increases, so does the

rate of synthesis of glucose 6-phosphare. This is in ex-
cess of the liver's requirement for energy and is used
mainly for synthesis of glycogen. In both liver and
skeleral muscle, insulin acts to stimulate glycogen syn-
thase and inhibir glycogen phosphorylase, Some of the
glucose entering the liver may also be used for lipogene-
sis and synchesis of triacylglycerol. In adipose tissue, in-
sulin stimulates glucose uptake, its conversion to fatty
acids, and their esterification; and inhibits intracellular
lipolysis and che release of free farry acids.

The products of lipid digestion enter the circulation
as criacylglycerol-rich chylomicrons (Chaprer 25). In
adipose tissue and skeletal muscle, lipoprotein lipase is
activated in response to insuling the resultant free faty
acids are largely taken wp w form wriacylglyceral re-
serves, while the glycerol remains in the blood stream
and is raken up by the liver and used for glycogen syn-
thesis or lipogenesis. Free faty acids remaining in the
blood stream are taken up by che liver and reesterified.
The lipid-deplered chylomicron remnants are also
cleared by the liver, and surplus liver wiacylglycerol
including thar from lipogenesis—is exported in very
low density lipoprotein.

Under normal feeding parterns the rate of tissue
protein catabolism is more or less constant throughout
the day; it is only in cachexia thar there is an increased
rate of protein catabolism. There is net protein carabo-
lism in the postabsorptive phase of the feeding cycle
and net protein synthesis in the absorprive phase, when
the rate of synthesis increases by abour 20-25%. The
increased rate of protein synthesis is, again, a response
to insulin action. Protein synthesis is an energy-expen-
sive process, m:nun[mf for up to almost 20% of energy
expenditure in the state, when there is an ample
supply of amino acids from the dier, but under 9% in
the starved stare.

Metabaolic Fuel Reserves Are Maobilized
in the Starving State

There is a small fall in plasma glucose upon starvation,
then licdle change as starvation progresses (Table 27-2;
Figure 27-2). Plasma free farry acids increase with
onset of starvation but then plarean. There is an iniral
delay in kerone body production, bur as starvarion pro-
gresses the plasma concentration of ketone bodies in-
creases markedly.

In the ]mstabmrpﬂve state, as the concentration of
glucose in the portal blood falls, so insulin secretion de-
creases, resulting in skeletal muscle and adipose rissue
taking up less glucose. The increase in secrerion of
glucagen from the A cells of the pancreas inhibics
glycogen synchase and acrivares glycogen phosphorylase
in liver. The resulting glucose 6-phosphate in liver is
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Figure 27-1. Metabolic interrelationships between adipose tissue, the liver, and extrahepatic
tissues. In extrahepatic tissues such as heart, metabolic fuels are oxidized in the following order of
preference: (1) ketone bodies, (2) fatty acids, (3] glucose, (LPL, lipoprotein lipase; FFA, free fatty
acids; VLDL, very low density lipoproteins.)
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Table 27-1. Energy vields, oxygen consumption, and carbon
dioxide production in the oxidation of metabaolic fuels.

Energy Yield Glcuﬂsumediﬂﬂ, Produced ;ﬂﬂlgEﬂ

(k/g) Wgl | gl RQ | (kL)
Carbohydrate | 16 0829 | 0829 (100! 20
Protein 17 0966 | 0782|081, 20
Fat 37 06 | 4 ol 20

hydrolyzed by glucose-6-phosphatase, and glucose is re-
leased into the blood stream for use by other tissucs,
particularly the brain and erythrocytes,

Muscle glycogen cannot contribute  directly to
plasma glucose, since muscle lacks glucose-6-phos-
phatase, and the primary purpose of muscle ghrcogen is
to provide a source of glucose G-phosphate for cnergy-
yielding metabolism in the muscle itself. However,
acetyl-CoA formed by oxidation of fary acids in muscle
inhibits pyruvate dehydrogenase and leads wo aitrace ac-
cumulation, which in turn inhibits phasphofrucraki-
nase and therefare glycolysis, thus sparing glucose, Any
sccumulated pyruvarte is transaminated to alanine ar the
expense of amino acids anising from breakdown of pro-
tein reserves, | he alanine—and much of the keto acids
resulting from this transamination—are exported from
muscle and taken up by the liver, where the alanine is
wransaminated to yield pyruvate, The resulrane amine
acids are largely exported back to muscle to provide
amino groups for formation of more alanine, while the
pyruvare is a major substrate for gluconcogenesis in the
liver,

In adipose tissue, the cffect of the decrease in insulin
and increase in plucagon results in inhibivion of lipo-
genesis, inactivation of lipoproein lipase, and activa-
tion of hormone-sensitive lipase (Chapeer 23), This
leads to release of increased amounts of glycerol (a sub-
strate for gluconcogenesis in the liver) and free farry
acids, which are used by skeletal muscle and liver as
their preferred metabolic fucls, so sparing glucose,

Table 27-2. Plasma concentrations of metabolic
fuels (mmeal/L) in the fed and starving states,

40Hours | 7 Days
Fed Starvation | Starvation
Glucose 55 3.6 35
Free fatty acids 030 1.15 1.19
Ketone bodies Meqligible 20 4.5

Although muscle takes up and preferentially oxidizes
free fatty acids in the starving state, it cannot meer all of
its encrgy requirements by froxidation. By contrast, the
liver has a greater capacity for Proxidation than it re-
guires to meet its own energy needs and forms more
acetyl-CoA than can be oxidized, This aceryl-Cod s
used to synthesize ketone bodies (Chaprer 22), which
are major metabolic fuels for skeletal and heart muscle
and can meet some of the brain’s energy needs. In pro-
longed starvation, glucose may represent less than 10%
of whole body encrgy-yiclding metabolism. Further-
maore, as a resule of protein catabolism, an increasing
number of amino acids are released and utilized in the
liver and kidneys for gluconeogenesis,

Plasma glucagon

F’[ﬂsma :

o —

e s e e e

Ralative change

Blood glucosa

L

0 12-24
Hours el slarvation

Figure 27-2. Relative changes in metabolic parame-
ters during the onset of starvation.



Table 27-3.

Summary of the major and unique features of metabolism of the principal organs,

Organ Major Function Major Pathways Main Substrates Major Products It Specialist Enzymas
Liver Service for the other | Most represented, inclu- Free fatty acids, glucase [well | Glucase, VLDL (triacylglye- | Glucokinase, glucose-6-phosphatase,
organs and tissuess ding gluconzogenesis; fed), lactate, glycerol, fructose, | erol), HOL, ketone bodies, | glycerol kinase, phosphoenalpyruvate
[-oxidation; ketogenesis; | aming acids urea, uric acid, bile acids, | carboxykinase, fructokinase, arginase,
lipaprotein formation; plasma proteins | HMG-CoA synthase and lyase, 7o
urea, unic acid, and bile i ydrowylase
acid formation; choles- |
teral synthesls; lpogenesis' (Ethanol] (Acetats) [ {aleohol dehydrogenase)
Brain Coordination of the | Glycolysis, aming acid me- | Glucoss, aming acid, ketone | Lactate i
MErVOLS 5ystem tabolism bodies {in starvation) l
Polyunsaturated fatty acids !
in neonate i
Heart Pumping of blaad Agrobic pathways, eg, Free fatty acids, lactate, ke- | Lipoprotein lipase. Respiratory chain
[-oxidation and citric acid | tone bodies, YLOL and chylo- i well developed.
cycle micron triacylglycercl, some |
glucose E
Adipose tissue | Storage and break- | Esterification of fatty acids | Glucose, lipoprotein triacyl- | Free fatty acids, glyceral | Lipoprotein lipase, hormane-sensitive
down of triacylglyc- | and lipolysis; lipogenesis' | glyceral i lipase
erol ;
Muscle |
Fasttwitch | Rapld movement Ghycolysis Glugose Lactate E
Slow twitch | Sustained movement | Aerobic pathways, eg, Ketone bodies, tiacylglycerol i Lipoprotein fipase.
[-oxidation and citric in VLDL and chylomicrons, | Respiratory chain well developed.
acid cycle free fatty acids E _
Kidney Excretion and glu- Gluconsogenesis Free fatty acids, lactate, Glucase i Glycerol kinase, phosphoenolpyruvate
CONEDgEnesis glycerol i carboxykinase
Erythrocytes | Transport of O Glycolysis, pentose phos- | Glucose Lactate I {Hemoglobin)

phate pathway. No mito-
chondria and therefore no
[-oxidation or citric acid
cycle.

"In many species but not very active in humans.
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CLINICAL ASPECTS

In prolonged scarvation, as adipose tissue reserves are
depleted there 1s a very considerable increase in the net
rate of protein catabolism to provide amino acids not
only as substrares for gluconeogenesis bur also as rthe
main merabolic fuel of the dssues. Death results when
cssential tissue proteins are cacabolized bevond the
point at which they can sustain this metabolic drain. In
parients with cachexia as a resule of release of cytokines
in response o tumors and a number of other patho-
logic conditions, there is an increase in the rate of tssuc
protein catabolism as well as a considerably increased
metabaolic rare, resulting in a stare of advanced starva-
ton, Again, death results when essencal tissue proceins
have been catabolized.

The high demand for glucose by the ferus and for
synthesis of lactose in lactarion can lead to ketosis, This
may be seen as mild ketosis wich hypoglycemia in
women, but in lactating cattle and in ewes carrying
rwins there may be very pronounced ketosis and pro-
found hypoglycemia.

In poorly controlled oype 1 diabetes mellious, pa-
tients may become hyperglveemic, partly as a result of
lack of insulin to stimulate uprake and udlization of
glucose and partly because of increased gluconeogenesis
from amine acids in the liver. At the same ome, the
lack of insulin results in increased lipolysis in adipose
tissuc, and the resultanc free fatty acids are substraces
for ketogenesis in the liver, It is possible that in very se-
vere diabetes unlizadon of ketone bodics in muscle
{and other tissues) is impaired because of lack of ox-
aloacctate {most tissues have a requirement for some
glucose merabolism to maintain an adequare amount of
oxaloacetate for citric acid cvcle actvigy), In uncon-
rrolled diabetes, the magnitude of ketosis may be such
a5 to result in severe acidosis (ketoacidosis) since ace-
roacetic acid and 3-hydroxybucyric acid are relanvely
srrong acids, Coma resules from both the acidosis and
the considerably increased osmolanity of extracellular
fluid (mainly due to the hyperglycemia),

A summary of the major and unigue merabolic fea-
tures of the principal tissues is presenced in Table 27-3.

SUMMARY

* The body can interconvert the majority of foodstuffs,
However, there is no net conversion of maost :Eiﬂ}l'
atids (or other atut}'l-CuA—fﬂrming substances) o

lucose. Most amino acids, arising from the diet or
irum l:ii.'ruﬂ Frl:Jl:.'i.n, «an l'": LHJ,."I'J i:ur glucﬂnu[]g['nﬂ!:ii.
as can the gl}rﬂ_'ru] from I!riax:_'.-']gly:.‘::rul.

*+ In starvation, glucose must be provided for the brain
and ervthrocyres; initially, this is supplied from liver
glycogen reserves. To spare glucose, muscle and other
tissues reduce glucose uptake in response to lowered
insulin secretion: they also oxidize farty acids and ke-
tone bodies preferentially 1o glucose.

= Adipose mssuc releases free farry acids in starvation,
and these are used by many tssues as fuel. Further-
mare, in the liver they are the substrate for synthesis
of ketone bodics.

* Kerosis, a metabolic adapration to starvation, is exac-
erbated in pathologic conditions such as diabetes
mellitus and ruminant ketosis,
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