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BIOMEDICAL IMPORTANCE
Unsaturated fatty acids in phospholipids of the cell

membrane are important in maintaining membrane
fluidity. A high ratio of polyunsaturated fatty acids to
saturated fatty acids (P:S ratio) in the diet is a major
factor in lowering plasma cholesterol concentrations
and is considered to be beneficial in preventing coro-
nary heart disease. Animal tissues have limited capacity
for desaturating fatty acids, and that process requires
certain dietary polyunsaturated fatty acids derived
from plants. These essential fatty acids are used to
form eicosanoic (Cy) fatty acids, which in turn give
rise to the prostaglandins and thromboxanes and to
leukotrienes and lipoxins—known collectively as
eicosanoids. The prostaglandins and thromboxanes 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.
Nonsteroidal anti-inflammatory drugs such as aspirin
act by inhibiting prostaglandin synthesis. Leukotrienes
have muscle contractant and chemotactic properties
and are important in allergic reactions and inflamma-
tion.

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

Certain long-chain unsaturated fatty acids of metabolic
significance in mammals are shown in Figure 23-1.
Other Cy, C,,, and C,4 polyenoic fatty acids may be
derived from oleic, linoleic, and o-linolenic acids by
chain elongation. Palmitoleic and oleic acids are not es-
sential in the diet because the tissues can introduce a
double bond at the A” position of a saturated fatty acid.
Linoleic and a-linolenic acids are the only fatty acids
known to be essential for the complete nutrition of
many species of animals, including humans, and are
known as the nutritionally essential fatty acids. In
most mammals, arachidonic acid can be formed from
linoleic acid (Figure 23—4). Double bonds can be intro-
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duced at the A%, A, A%, and A’ positions (see Chapter
14) in most animals, but never beyond the A’ position.
In contrast, plants are able to synthesize the nutrition-
ally essential fatty acids by introducing double bonds at
the A'? and A" positions.
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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 @ numbers (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 a-linolenic acid 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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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 fatty acids from saturated fatty acids. The first dou-
ble bond introduced into a saturated fatty acid is nearly
always in the A’ position. An enzyme system—A’ desat-
urase (Figure 23-2)—in the endoplasmic reticulum will
catalyze the conversion of palmitoyl-CoA or stearoyl-CoA
to palmitoleoyl-CoA or oleoyl-CoA, respectively. Oxygen
and either NADH or NADPH are necessary for the reac-
tion. The enzymes appear to be similar to a monooxyge-
nase system involving cytochrome &5 (Chapter 11).

SYNTHESIS OF POLYUNSATURATED
FATTY ACIDS INVOLVES DESATURASE
& ELONGASE ENZYME SYSTEMS

Additional double bonds introduced into existing mo-
nounsaturated fatty acids are always separated from each
other by a methylene group (methylene interrupted) ex-
cept in bacteria. Since animals have a A? desaturase, they

are able to synthesize the ®9 (oleic acid) family of unsat-
urated fatty acids completely by a combination of chain
elongation and desaturation (Figure 23-3). However, as
indicated above, linoleic (06) or o-linolenic (®3) acids
required for the synthesis of the other members of the
®6 or ®3 families must be supplied in the diet
Linoleate may be converted to arachidonate via -
linolenate by the pathway shown in Figure 23-4. The
nutritional requirement for arachidonate may thus be
dispensed with if there is adequate linoleate in the diet.
The desaturation and chain elongation system is greatly
diminished in the starving state, in response to glucagon
and epinephrine administration, and in the absence of
insulin as in type 1 diabetes mellitus.

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

Rats fed a purified nonlipid diet containing vitamins A
and D exhibit a reduced growth rate and reproductive
deficiency which may be cured by the addition of
linoleic, a-linolenic, and arachidonic acids to the diet.
These fatty acids are found in high concentrations in
vegetable oils (Table 14-2) and in small amounts in ani-
mal carcasses. These essential fatty acids are required for
prostaglandin, thromboxane, leukotriene, and lipoxin
formation (see below), and they also have various other
functions which are less well defined. Essential fatty acids
are found in the structural lipids of the cell, often in the
2 position of phospholipids, and are concerned with the
structural integrity of the mitochondrial membrane.
Arachidonic acid is present in membranes and ac-
counts for 5-15% of the fatty acids in phospholipids.
Docosahexaenoic acid (DHA; 3, 22:6), which is syn-
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Figure 23-3.

Biosynthesis of the @9, w6, and w3 families of polyunsaturated fatty

acids. Each step is catalyzed by the microsomal chain elongation or desaturase sys-
tem: 1, elongase; 2, A® desaturase; 3, A® desaturase; 4, A* desaturase. (©, Inhibition.)
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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 obtained directly from
fish oils, is present in high concentrations in retina,
cerebral cortex, testis, and sperm. DHA is particularly
needed for development of the brain and retina and is
supplied via the placenta and milk. Patients with retini-
tis pigmentosa are reported to have low blood levels of
DHA. In essential fatty acid deficiency, nonessential
polyenoic acids of the ®9 family replace the essential

fatty acids in phospholipids, other complex lipids, and
membranes, particularly with N> _eicosatrienoic acid
(09 20:3) (Figure 23-3). The triene:tetracne ratio in
plasma lipids can be used to diagnose the extent of es-
sential fatty acid deficiency.

Trans Fatty Acids Are Implicated
in Various Disorders

Small amounts of trans-unsaturated fatty acids are found
in ruminant fat (eg, butter fat has 2-7%), where they
arise from the action of microorganisms in the rumen,
but the main source in the human diet is from partially
hydrogenated vegetable oils (eg, margarine). Trans fatty
acids compete with essential fatty acids and may exacer-
bate essential fatty acid deficiency. Moreover, they are
structurally similar to saturated fatty acids (Chapter 14)
and have comparable effects in the promotion of hyper-
cholesterolemia and atherosclerosis (Chapter 26).

EICOSANOIDS ARE FORMED FROM C,,
POLYUNSATURATED FATTY ACIDS

Arachidonate and some other C,, polyunsaturated fatty
acids give rise to eicosanoids, physiologically and phar-
macologically active compounds known as prosta-
glandins (PG), thromboxanes (TX), leukotrienes
(LT), and lipoxins (LX) (Chapter 14). Physiologically,
they are considered to act as local hormones function-
ing through G-protein-linked receptors to elicit their
biochemical effects.

There are three groups of eicosanoids that are syn-
thesized from C,; eicosanoic acids derived from the es-
sential fatty acids linoleate and a-linolenate, or di-
rectly from dietary arachidonate and eicosapentaenoate
(Figure 23-5). Arachidonate, usually derived from the
2 position of phospholipids in the plasma membrane by
the action of phospholipase A, (Figure 24—6)—but also
from the diet—is the substrate for the synthesis of the
PG,, TX, series (prostanoids) by the cyclooxygenase
pathway, or the LT, and LX; series by the lipoxyge-
nase pathway, with the two pathways competing for
the arachidonate substrate (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, catalyzed 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 to
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, leukotriene; LX, lipoxin; @, cyclooxygenase pathway; @, lipoxygenase pathway.)
The subscript denotes the total number of double bonds in the molecule and the series to which the compound

belongs.

(TXA,) and prostacyclin (PGI,). Each cell type pro-
duces only one type of prostanoid. Aspirin, a nons-
teroidal anti-inflammatory drug (NSAID), inhibits cy-
clooxygenase of both PGHS-1 and PGHS-2 by
acetylation. Most other NSAIDs, such as indomethacin
and ibuprofen, inhibit cyclooxygenases by competing
with arachidonate. Transcription of PGHS-2—but not
of PGHS-1—is completely inhibited by anti-inflam-
matory corticosteroids.

Essential Fatty Acids Do Not Exert
All Their Physiologic Effects Via
Prostaglandin Synthesis

The role of essential fatty acids in membrane formation
is unrelated to prostaglandin formation. Prostaglandins
do not relieve symptoms of essential fatty acid defi-
ciency, and an essential fatty acid deficiency is not
caused by inhibition of prostaglandin synthesis.



194 | CHAPTER 23

Arachidonate *

202\‘

O -
,’\_/\/\
0NNF

CYCLOOXYGENASE T Aspirin

Indomethacin
Ibuprofen

PGl OOH *

PROSTACYCLIN
0 4 SYNTHASE PGG2 [beroxiDase ICI)

[ N N7 N

o - C—H
' ’\_/\/\ COOH < +| — COOH
/ ﬁ_H =

OH OH OH 0 OH
PGH2 Malondialdehyde + HHT
o COOH 'SOMEF*ASE THROMBOXANE |~¢———— Imidazole
?I) QJ/\/\/ SYNTHASE ©

- ’\_/\/\ COOH
= /
OH OH OH OH
6-Keto PGF,, PGE,

S (=== ]

N TSN TN
'} —

OH TXA,

ISOMERASE

OH

S——">~"cooH “SS——"">""~cooH “S——"">"~CcooH
~ ~ HO '} ~

OH OH o) OH OH
PGF,, PGD, TXB,

Figure 23-6. Conversion of arachidonic acid to prostaglandins and thromboxanes of series 2. (PG,
prostaglandin; TX, thromboxane; PGlI, prostacyclin; HHT, hydroxyheptadecatrienoate.) (Asterisk: Both of these
starred activities are attributed to one enzyme: prostaglandin H synthase. Similar conversions occur in

prostaglandins and thromboxanes of series 1 and 3.)

Cyclooxygenase Is a “Suicide Enzyme”

“Switching off” of prostaglandin activity is partly achieved
by a remarkable property of cyclooxygenase—that of
self-catalyzed destruction; ie, it is a “suicide enzyme.”
Furthermore, 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
in the body.

LEUKOTRIENES & LIPOXINS
ARE FORMED BY THE
LIPOXYGENASE PATHWAY

The leukotrienes are a family of conjugated trienes
formed from eicosanoic acids in leukocytes, mastocy-
toma cells, platelets, and macrophages by the lipoxyge-

nase pathway in response to both immunologic and
nonimmunologic stimuli. Three different lipoxygenases
(dioxygenases) 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 (details 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 adults subsisting on ordinary diets, no signs of es-
sential fatty acid deficiencies have been reported. How-
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Figure 23-7. Conversion of arachidonic acid to leukotrienes and lipoxins of series 4 via the lipoxygenase path-
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ever, infants receiving formula diets low in fat and pa- ~ Abnormal Metabolism of Essential Fatty
tients maintained for long periods exclusively by intra- Acids Occurs in Several Diseases

venous nutrition low in essential fatty acids show defi-

ciency symptoms that can be prevented by an essential ~ Abnormal metabolism of essential fatty acids, which
fatty acid intake of 1-2% of the total caloric require-  may be connected with dietary insufficiency, has been
ment. noted in cystic fibrosis, acrodermatitis enteropathica,
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hepatorenal syndrome, Sjogren-Larsson syndrome,
multisystem neuronal degeneration, Crohn’s disease,
cirthosis 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 (Chapter 22). Diets with a high P:S (polyun-
saturated:saturated fatty acid) ratio reduce serum cho-
lesterol levels and are considered to be beneficial in
terms of the risk of development of coronary heart dis-
ease.

Prostanoids Are Potent Biologically
Active Substances

Thromboxanes are synthesized in platelets and upon
release cause vasoconstriction and platelet aggregation.
Their synthesis is specifically inhibited by low-dose as-
pirin. Prostacyclins (PGI,) are produced by blood ves-
sel walls and are potent inhibitors of platelet aggrega-
tion. Thus, thromboxanes and prostacyclins are
antagonistic. PG; and TX;, formed from eicosapen-
taenoic acid (EPA) in fish oils, inhibit the release of
arachidonate from phospholipids and the formation
of PG, and TX,. PGI; is as potent an antiaggregator of
platelets as PGI,, but TXA; is a weaker aggregator than
TXA,, changing the balance of activity and favoring
longer clotting times. As litcle as 1 ng/mL of plasma
prostaglandins causes contraction of smooth muscle in
animals. Potential therapeutic uses include prevention
of conception, induction of labor at term, termination
of pregnancy, prevention or alleviation of gastric ulcers,
control of inflammation and of blood pressure, and re-
lief of asthma and nasal congestion. In addition, PGD,
is a potent sleep-promoting substance. Prostaglandins
increase cAMP in platelets, thyroid, corpus luteum,
fetal bone, adenohypophysis, and lung but reduce
cAMP in renal tubule cells and adipose tissue (Chap-
ter 25).

Leukotrienes & Lipoxins Are Potent
Regulators of Many Disease Processes

Slow-reacting substance of anaphylaxis (SRS-A) is a
mixture of leukotrienes Cy, Dy, and E4. This mixture of
leukotrienes is a potent constrictor of the bronchial air-
way musculature. These leukotrienes together with
leukotriene By also cause vascular permeability and at-
traction and activation of leukocytes and are important
regulators in many diseases involving inflammatory 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 counterregulatory compounds (chalones) of
the immune response.

SUMMARY

* Biosynthesis of unsaturated long-chain fatty acids is
achieved by desaturase and elongase enzymes, which
introduce double bonds and lengthen existing acyl
chains, respectively.

* Higher animals have A%, A%, A%, and A’ desaturases
but cannot insert new double bonds beyond the 9
position of fatty acids. Thus, the essential fatty acids
linoleic (06) and o-linolenic (®3) must be obtained
from the diet.

* Eicosanoids are derived from C,, (eicosanoic) fatty
acids synthesized from the essential fatty acids and
comprise important groups of physiologically and
pharmacologically active compounds, including the
prostaglandins, thromboxanes, leukotrienes, and
lipoxins.
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