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PROSTAGLANDINS

Prostaglandins, typified by prostaglandin Es (1), are a family of naturally occurring substances found in
animals and humans. They play important and diverse roles in both health and disease. Some plant species
also contain prostaglandins and the coral species Plexaura homomalla is one of the richest known sources
(1.5-3% of dryweight) (1). Prostaglandins are biosynthesized from 20 carbon polyunsaturated fatty acids. In
humans, the predominant precursor of prostaglandins (PGs) is arachidonic acid [506-32-1] (2) which is available
either from the diet or by anabolic conversion of linoleic acid, an essential fatty acid.
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The enzyme system responsible for the biosynthesis of PGs is widely distributed in mammalian tissues
and has been extensively studied (2). It is referred to as prostaglandin H synthase (PGHS) and exhibits
both cyclooxygenase and peroxidase activity. In addition to the classical PGs two other prostanoid products,
thromboxane Ag [57576-52-0] (TxAs) (3) and prostacyclin [35121-78-9] (PGI;) (4) are also derived from the
action of the enzyme system on arachidonic acid (Fig. 1).
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2 PROSTAGLANDINS

Prostaglandins were discovered in the 1930s when it was noted (3) that fresh human semen caused strips
of human uterine tissue to either relax or contract depending on whether or not the tissue donor had borne
children. In 1935 extracts of human seminal fluid were observed to cause a fall in blood pressure in laboratory
animals, and contraction of a variety of smooth muscle tissues (4, 5). This factor was differentiated from known
agents having similar activities, eg, adrenaline and acetylcholine, and named prostaglandin in the belief that
it originated from prostate glands (5). The name is somewhat of a misnomer because PGs occur much more
ubiquitously. Later work (6) led to the isolation and structural elucidation of prostaglandin E; [745-65-3]
(PGE,) (9) and prostaglandin Fy, (PGF1,) (10).
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Additional compounds having similar biological activities and structural components were isolated result-
ing in the recognition of PGs as a family of closely related compounds. Structural and stereochemical assign-
ments of PGE; and PGFy, were confirmed by x-ray crystallographic analysis of their bromo- and iodobenzoates
(7, 8) (see X-ray technology). The absolute stereochemical configuration of PGs is based on the configuration
of L-2-hydroxyheptanoic acid, obtained by oxidative ozonolysis of acetylated PGE; methyl ester (9). In 1983
Bergstrom and Samuelsson shared (with John Vane) the Nobel Prize for their contributions to this field (10).
Thromboxane Ay (3) and prostacyclin (4) were discovered in the mid-1970s (11). Both substances are highly
unstable making identification and structural determinations elusive and difficult.
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Fig. 1. Biosynthesis of prostanoids, where structures (5)—(8) are PGGs, PGHy, PGD,, and PGF,,, respectively.

The PGs TxAg and PGIs, commonly referred to as prostanoids, may be thought of as hormone-like sub-
stances which are produced on demand rather than stored and which modulate cellular functions at or near
their site of generation (see Hormones). Unlike typical circulating hormones which are released from one prin-
cipal tissue site, prostanoids are synthesized and released by virtually all tissues. They are extremely potent
and exert regulatory influences on the endocrine, reproductive, nervous, gastrointestinal, cardiovascular, re-
nal, and immunological systems. They are also short lived because of rapid metabolism to inactive species.
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Their effects are generally considered to be beneficial and homeostatic in nature. In some cases, however, their
biological effects can be detrimental and disease producing; for example, PGs can exert inflammatory actions
and produce fever, and TxA, is a pro-aggregatory factor for platelets.

The nomenclature of prostaglandins and prostacyclins is based on the basic prostane skeleton (11),
whereas thromboxane (12) is the parent for the thromboxanes.
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Implicit in the base names are the absolute configurations at carbons 8 and 12 and the indicated number-
ing systems. Derivatives of these parent structures are named according to terpene and steroid nomenclature
rules (see Steroids; Terpenoids). The lengthy and awkward nature of the chemical abstract systematic nomen-
clature (12) for these compounds has resulted in the development (13) and use of simplified nomenclature
based on common names.

The PGs are grouped into several basic families which differ from each other in the nature of the five-
membered ring functionalities (Fig. 2). The principal families are designated as PGA through PGJ. The letters
E and F originated from the finding that PGE and PGF compounds partition differently. The compound that
was more soluble in ethyl ether was called prostaglandin E and the one that was more soluble in phosphate
buffer (fosfate in Swedish) was termed prostaglandin F (10). The letters A and B refer to the formation of
these derivatives from PGE compounds by treatment with acid and base, respectively. As indicated in the
general structures of Figure 2, the carboxylic acid side chain is referred to as the alpha chain R,, and the
hydroxy-bearing chain as the omega chain, R,. The number of double bonds in the molecule are denoted by
subscript numerals appearing after the name; for example, PGE; contains one double bond at Cy3; PGE; has
an additional double bond at Cs. The stereochemistry of substituents on the cyclopentane ring is designated «a-
or B- depending on whether the substituent is above or below the plane of the paper.

1. Biosynthesis and Metabolism

Detailed accounts of the biosynthesis of the prostanoids have been published (14-17). Under normal cir-
cumstances arachidonic acid (AA) is the most abundant C-20 fatty acid in vivo (18-21) which accounts for
the predominance of the prostanoids containing two double bonds eg, PGE; (see Fig. 1). Prostanoids of the
one and three series are biosynthesized from dihomo-8-linolenic and eicosapentaenoic acids, respectively.
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Fig. 2. (a) The basis for prostaglandin nomenclature, where the letters A—F and J define principal families; (b) defines

the side chains for PG; derived from dihomo-y-linolenic acid; (¢) PGy derived from arachidonic acid; and (d), PG3 derived
from eicosapentaenoic acid.

Concentrations in human tissue of the one-series precursor, dihomo-8-linolenic acid, are about one-fourth
those of AA (22) and the presence of PGE; has been noted in a variety of tissues (23). The biosynthesis of the
two-series prostaglandins from AA is shown in Figure 1. These reactions make up a portion of what is known
as the arachidonic acid cascade. Other lipid products of the cascade include the leukotrienes, lipoxins, and the
hydroxyeicosatetraenoic acids (HETESs). Collectively, these substances are termed eicosanoids.

Prostanoid synthesis is initiated by the interaction of a stimulus with the cell surface which results
in the activation of cellular phospholipases. Arachidonic acid is generally present in phospholipids esteri-
fied at position two. It is released by the action of phospholipase Ay (PLAy) which is specific for fatty acid
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deesterification at that position of the phospholipid molecule. Other pathways for AA mobilization also exist
but are less prevalent. Once AA is released, it can be acted upon by prostaglandin H synthase (EC 1.14.99.1)
(PGHS) (2), a membrane-bound enzyme which is present in an active form, primarily in the endoplasmic
reticulum. This enzyme exhibits two different catalytic activities (Fig. 1): a cyclooxygenase (bis-oxygenase)
which catalyzes the formation of prostaglandin Gy [51982-36-6] (PGGz) (5) from AA, and a peroxidase (or
hydroperoxidase) which facilitates the reduction of PGGy to prostaglandin Hy [42935-17-1] (PGHs) (6).
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The initial step in the action of the cyclooxygenase is the stereospecific removal of the 13-pro-(S)-hydrogen
from AA. As shown in Figure 3 (2, 24), the enzyme is thought to orient an AA molecule by inducing a kink
in the carbon chain at C-10. Abstraction of the 13-pro-(S)-hydrogen and subsequent isomerization leads to a
carbon-centered radical at C-11 which is attacked by molecular oxygen from the solvent side. The resulting
11-hydroperoxyl radical adds to the double bond at C-9; intramolecular rearrangement yields another carbon-
centered radical. Reaction of this radical with another molecule of oxygen at C-15 yields PGGz. Newly formed
PGGg can undergo a two-electron reduction to PGHj; catalyzed by the peroxidase activity of PGH synthase. In
order for the cyclooxygenase to function, a source of hydroperoxide (R—O—-O-H) appears to be required. The
hydroperoxide oxidizes a heme prosthetic group at the peroxidase active site of PGH synthase. This in turn
leads to the oxidation of a tyrosine residue producing a tyrosine radical which is apparently involved in the
abstraction of the 13-pro-(S)-hydrogen of AA (25). The cyclooxygenase is inactivated during catalysis by the
nonproductive breakdown of an active enzyme intermediate. This suicide inactivation occurs, on average, every
1400 catalytic turnovers.

The endoperoxides PGG2 and PGH;, are extremely important intermediates in the metabolism of AA. In
addition to having pronounced biological activity, eg, aggregation of blood platelets and constriction of vascular
tissue, they serve as intermediates in the biosynthesis of a variety of prostanoids. PGH; is a substrate for a
number of enzymes in the cascade including PGE synthase (EC 5.3.99.3), PGD synthase (EC 5.3.99.2), and
PGF, synthase (EC 1.1.1.188) which catalyze the synthesis of the classical prostaglandins, PGEg, PGDs, and
PGFs,. The formation of PGl and TxAy from PGH; is catalyzed by PGI synthase (EC 5.3.99.4), and TxA
synthase (EC 5.3.99.5).

PGE synthases are unique in that each requires reduced glutathione (GSH) as a cofactor. GSH appears
to facilitate cleavage of the endoperoxide group and formation of the C-9 keto group (2). Synthesis of PGFg,
involves a net two-electron reduction of PGHjy; a PGF,, synthase utilizing NADPH catalyzes this reaction. All
other prostanoids are formed via isomerization reactions involving no net change in the oxidation state of PGHs.
PGI synthase and TxA synthase are hemoproteins having molecular weights of 50,000—55,000. Both enzymes,
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Fig. 3. Putative mechanism of PGH synthase action on arachidonic acid.

like PGH synthase, undergo suicide inactivation during catalysis. Although all the principal prostanoids are
depicted in Figure 1 as being formed by a single cell, prostanoid synthesis appears to be cell specific (2). For
example, platelets form mainly TxAg, endothelial cells form PGI; as their primary prostanoid, and PGE; is the
primary prostanoid produced by renal collecting tubule cells. TxA synthase is found in abundance in platelets
and lung. PGI synthase is localized to endothelial cells and vascular and nonvascular smooth muscle. PGE
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synthase activities are present in several different tissues, but there are differences among these proteins from
different tissues.

The primary prostaglandins are believed to be mediators of inflammation and their synthesis can be
inhibited by both nonsteroidal antiinflammatory drugs (NSAIDS) and antiinflammatory steroids. The best
known of the NSAIDS is aspirin (see Analgesics, antipyretics, and antiinflammatory agents; Salicylic acid
and related compounds). Aspirin competes with arachidonic acid (AA) for binding to the cyclooxygenase active
site, but the binding of AA is about 10,000 times more efficient than that of aspirin. However, once bound,
aspirin can acetylate a specific serine residue of PGH synthase: Ser®3°. Acetylation of Ser®?? causes irreversible
cyclooxygenase inactivation (see Enzyme inhibitors). It was initially thought that the hydroxyl group of Ser53°
was required for catalysis. However, studies using site-directed mutagenesis have shown that replacement of
Ser®? with an alanine residue yields an active enzyme, whereas replacement with an asparagine, which is
about the same size as an acetylated serine, yields an inactive enzyme. Apparently, acetylation of Ser®3° by
aspirin results in steric hindrance at this position: the bulky acetyl group protrudes into the cyclooxygenase
active site and prevents AA from binding (2).

There are many nonsteroidal antiinflammatory drugs. In fact, this is by far the largest portion of the
pharmaceutical market, with 1990s worldwide sales exceeding $4 billion. Most other NSAIDS also act by
inhibiting the cyclooxygenase activity of PGH synthase. However, unlike aspirin, most of these drugs cause
reversible enzyme inhibition by competing with AA for binding. Well-known examples of reversible NSAIDS
are ibuprofen (Advil, Whitehall), indomethacin (Indocin, Merck) and naproxen (Naprosyn, Syntex). Antiin-
flammatory steroids were once thought to attenuate prostanoid synthesis by inhibiting stimulus-induced AA
release. However, research in the 1990s has suggested that antiinflammatory steroids may function principally
by inhibiting transcription of the PGH synthase gene. Presumably, these steroids interact with a receptor
which binds to a negative regulatory element in the promoter region of the PGH synthase gene (26).

There are two isozymes of PGH synthase (27). PGHS-1 (or COX-1) is constitutively expressed in most
tissues (28), and is responsible for the production of PGs involved in cellular housekeeping functions such as
coordinating the actions of circulating hormones (29) and regulating vascular, gastric, intestinal, and renal
homeostasis. PGHS-2 (COX-2), which shares about 59% amino acid homology with PGHS-1, only is expressed
following cell activation. Its expression is stimulated by inflammatory mediators (30) and inhibited by antiin-
flammatory steroids (31). All of the available nonsteroidal antiinflammatory drugs inhibit both forms of the
enzyme. As a result they produce side effects in tissues which are dependent on homeostatic levels of PGs.
The gastrointestinal tract and kidney are particularly sensitive to PG synthesis inhibition. NSAIDS can cause
damage and ulceration in the stomach and intestinal tract and can compromise kidney function especially
in people with pre-existing renal impairment. Many pharmaceutical companies are involved in research to
identify compounds which would selectively inhibit only the PGHS-2 enzyme and thereby be potentially free
of the undesirable side effects of conventional NSAIDS. The x-ray structure of PGHS-1 has been reported (32).

Acetylation of PGH synthase by aspirin has important pharmacological consequences. Besides the anal-
gesic, antipyretic, and antiinflammatory actions of aspirin, low dose aspirin treatment is a useful antiplatelet
cardiovascular therapy (33) (see Cardiovascular agents). TxAy is a potent stimulator of platelet aggregation;
low dosage aspirin treatment leads to selective inhibition of platelet TxAg formation without appreciably af-
fecting the synthesis of prostanoids in other cells. Aspirin causes irreversible inactivation PGH synthase. Since
platelets, unlike most other cells, are unable to synthesize new enzyme, new PGH synthase activity must come
from new platelets. The replacement time for platelets is 5—10 days, thus considerable time is required for the
circulating platelet pool to regain its original complement of active PGH synthase. PGH synthase inactivation
also occurs in other cell types, but these cell types can resynthesize PGH synthase relatively quickly.

Once prostanoids are formed they exit the cell, probably via carrier-mediated transport. They act very
near their sites of synthesis, then are rapidly inactivated by metabolic enzymes and excreted. The prostanoids
are subject to four principal metabolic transformations, as illustrated in Figure 4 for PGEy: oxidation catalyzed
by C-15 prostaglandin dehydrogenase (15-PGDH) (EC 1.1.1.196); reduction by 13,14-reductase; g-oxidation
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Fig. 4. Metabolism of natural prostaglandins.

of the carboxylic acid side chain; and w- and (w—1)-oxidation of the aliphatic side chain (34). The 15-PGDH
step occurs most rapidly in humans and most other mammals, and it converts the parent PG molecule into
its corresponding C-15 ketone structure. The lung is especially enriched in 15-PGDH, and this enzymatic
transformation is so rapid that 90-95% of a circulating PG is transformed into its biologically inactive C-15
ketone metabolite on a single pass through the lungs. Reduction of the C-15 ketone metabolite by the 13,14-
reductase enzyme produces the saturated metabolite shown. 8-Oxidation, a reaction common to fatty acids
in general, involves a sequence of dehydrogenation at C-2 and C-3, followed by oxidation to the 3-ketone and
finally cleavage to produce the dinor (—2 carbon atoms) metabolite and acetic acid. A second oxidation sequence
usually occurs to generate the tetranor (—4 carbon atoms) metabolite. Another point of attack is the w-chain
terminus. Oxidation occurs either at C-20 to give the alcohol and subsequently the acid (13) or at C-19 to
produce the 19-hydroxy metabolite. The primary urinary metabolite of natural PGs is (14) which is the final
keto product of all of these processes plus the reduction of the C-9 carbonyl group.

2. Physical and Chemical Properties

The melting points, optical rotations, and uv spectral data for selected prostanoids are provided in Table 1.
Additional physical properties for the primary PGs have been summarized in the literature and the physical
methods have been reviewed (47). The molecular conformations of PGEy and PGA; have been determined in
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Table 1. Physical Properties of Selected Prostanoids Derived from Arachidonic Acid

CAS Registry
Compound Number Mp, °C [a]lp (Solvent), deg Refs.
PGAs® [13345-50-1] pale yellow oil 145 (chloroform) 35
PGBy? [13367-85-6] 30-34 16-18 36
PGCy°¢ [49825-91-4] oil 37
PGC,, methyl ester? [51172-26-0] oil 38
PGD, [41598-07-6] 62.8-63.3 13 (chloroform) 39
PGE, [363-24-6] 65-66 —61 (tetrahydrofuran) 40
62-64 —52 (tetrahydrofuran) 41
65.0-67.5 35
PGFy, [551-11-1] 30-35 26 (ethanol) (35,
42)
23.8 (tetrahydrofuran) 40
PGI,
sodium salt [61849-14-7] 166-168 88 (chloroform) 43
116-124 97 (ethanol) 43
methyl ester [61799-74-4] 30-33 78 (chloroform) 43
6-0x0-PGFq,, [58962-34-8] 75-78 43
TXBg [54397-85-2] 91-93 57.4 (ethyl acetate) 44
92-94 45
89-90 46

@ In CyH5OH, Amax is 217 nm and ¢ = 10,300 (M-cm) .
b In CyH5O0H, Amax is 278 nm and ¢ = 26, 000 (M-cm)_*.
¢ In CH30H, Apax is 234 nm and ¢ = 17, 000 (M.Cm)fl.
d In CH3O0H, Amayx is 229 (sh) and 234 nm.

the solid state by x-ray diffraction, and special 'H and '2C nuclear magnetic resonance (nmr) spectral studies
of several PGs have been reported (11, 48-53). Mass spectral data have also been compiled (54) (see Mass
spectrometry; Spectroscopy).

The E- and D-type PGs are inherently unstable compounds. Their instability is primarily due to the
lability of the B-hydroxyketone system in the cyclopentane ring. Under acidic or alkaline conditions (< pH3
and > pH7) there is a strong driving force for elimination of the 11-hydroxy group of PGE structures to
give the more stable «,8-unsaturated ketone of PGA. In an analogous manner, PGD structures give rise to
PGJ compounds. The A-form can isomerize to the PGB derivative under the same conditions. In general,
esters or similar derivatives are more stable than their acids which are sufficiently acidic to catalyze their
own dehydration. E-type PGs also are susceptible to epimerization of the C-8 side chain under alkaline or
thermal conditions. In more acidic media three other processes become significant: C-15-epimerization, allyl
transposition of the C-15 hydroxyl group, and dehydration of the C-15 hydroxyl group.
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All the bis- and tri-unsaturated prostanoids display sensitivity to atmospheric oxygen similar to that of
polyunsaturated fatty acids and lipids. As a result, exposure to the air causes gradual decomposition although
the crystalline prostanoids are less prone to oxygenation reactions than PG oils or solutions.

Both thromboxane Ay (TxAs) and prostacyclin (PGI;) are extremely unstable compounds. The instability

of TxAs (3) is due to the strained bicyclic acetal system. Hydrolysis of the acetal to give TxBy (15) releases the
strain.
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TxBs (15) is a stable but biologically inactive compound and its isolation and characterization were
essential to the discovery of TxAs. Measurement of the half-life of TxAs has been based on the decay of
biological activity and the rate of appearance of O-methyl-TxBy from methanolysis of TxAg. All methods gave
values of 30—41 seconds at 37°C in aqueous media free of proteins (55, 56). TxAy has never been isolated and
characterized directly. Its structural assignment was based on TxBy and its more stable synthetic analogues.
However, confirmation of the structure of TxAg by chemical synthesis has been achieved (57).

PGI; (4) contains an acid-labile enol ether which is readily hydrolyzed to generate 6-keto-PGFy, (16).
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As with TxA,, the reactivity of PGI; (f12 =3 min at pH 7.6 and 37°C) made isolation of the natural
substance difficult, and a pure chemical sample was obtained only through chemical synthesis. PGI; is stable
under more alkaline conditions and can be isolated and stored as a salt. Additional information on the chemistry
and stability of TxAg and PGl has been summarized (58).

3. Biological Properties

The PGs, PGIe and TxAs collectively exhibit a wide variety of biochemical and pharmacological activities and
are involved in both physiological and pathophysiological processes. However, the individual compounds show
different overall activity profiles sometimes in opposing directions. Excellent reviews are available (59-64). A
survey of some of the more important biological actions of the prostanoids follow.

3.1. Cardiovascular System

In most species and vascular beds PGEs and PGAs are potent vasodilators, whereas responses to PGFy,
vary. Prostacyclin, PGIy, is a potent vasodilator with five times the potency of PGEs and causes prominent
hypotension in animals and humans following intravenous administration. Its hydrolysis product, 6-keto-
PGF4,, is essentially inactive. In contrast, TxA, is a powerful vasoconstrictor. PGE; and Dy are inhibitors of
platelet aggregation, whereas PGEs has variable effects depending on its concentration. PGI, is 30-50-fold
more potent than PGE;, inhibiting aggregation at concentrations between 1 and 10 nM. TxA, is a powerful
aggregatory substance. The opposing effects of PGI; and TxAg on vascular tone and platelet aggregatory state
are believed to be important in vascular homeostasis, and disruption of this balance can lead to cardiovascular
disease (see Cardiovascular agents). Aspirin is used prophylactically to prevent heart attacks because it can
selectively reduce TxAy levels relative to PGI; levels. TxAs is produced by platelets which cannot synthesize
more PGHS, whereas vascular endothelial cells, which generate PGIg, can rapidly produce fresh enzyme. The
PG endoperoxides are vasoconstrictory and platelet aggregators, although less active than TxAs.

3.2. Pulmonary System

In general PGF's contract and PGEs relax bronchial and tracheal muscle. Asthmatics are particularly sensitive
to PGs and PGF3, can cause severe bronchospasm in these patients. In contrast, PGE; and -Es are potent
bronchodilators when given by aerosol to asthmatic patients (65) (see Antiasthmatic agents). Prostaglandin
endoperoxides and TxAs are constrictors whereas PGI; induces slight bronchodilation and antagonizes bron-
choconstriction produced by other agents in asthmatics (66).

3.3. Reproductive System

The primary PGs are intimately involved in reproductive physiology (67). PGEs and PGFq, are potent con-
tractors of the pregnant uterus and intravenous infusion of either of these compounds to pregnant humans
produces a dose-dependent increase in frequency and force of uterine contraction. PGI; and TxAy have mild re-
laxant and stimulatory effects, respectively, on uterine tissue. The primary PGs also play a role in parturition,
ovulation, luteolysis, and lactation and have been implicated in male infertility.

3.4. Gastrointestinal System

PGEs, PGAs, and PGI; inhibit gastric acid secretion stimulated by feeding, histamine, or gastrin. The volume
of secretion, acidity, and content of pepsin are all reduced, probably by an action exerted directly on the
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secretory cells. In addition, these PGs are vasodilators in the gastric mucosa, and are likely to be involved
in the local regulation of blood flow. PGs cause increased mucus secretion in the stomach and small intestine
and substantial movement of water and electrolytes into the intestinal lumen. Such effects contribute to the
diarrhea noted in animals and humans following the oral or parenteral administration of PGs. In contrast,
PGI; does not induce diarrhea in animals or humans; it prevents that provoked by other PGs, and inhibits the
toxin-induced accumulation of intestinal fluid in experimental models.

3.5. Nervous System

PGEs produce sedation and catatonia when injected into the cerebral ventricles of cats (67) (see Hypnotics,
sedatives, anticonvulsants, and anxiolytics; Psychopharmacological agents). A number of studies using mi-
croiontophoretic techniques, ie, the electrolytic injection of substances into tissues, have been carried out to
study the effects of PGs on brain function (68); perhaps the most interesting effect observed is fever production
following intraventricular injection of PGEs. This finding prompted the hypothesis that pyrogen-induced fever
is due to release of PGEs in the brain. The antipyretic activity of aspirin and other NSAIDS is thus hypoth-
esized to be due to inhibition of PG synthesis in the brain. Although this is a satisfying explanation, there is
considerable contradictory evidence (69). In humans, PGEs cause pain when injected intradermally or applied
to facial skin. They also potentiate the pain-producing effects of bradykinin and histamine (see Histamine and
histamine antagonists).

3.6. Kidney Function

Prostanoids influence a variety of kidney functions including renal blood flow, secretion of renin, glomerular
filtration rate, and salt and water excretion. They do not have a critical role in modulating normal kidney
function but play an important role when the kidney is under stress. For example, PGEy and -I; are renal
vasodilators (70, 71) and both are released as a result of various vasoconstrictor stimuli. They thus counterbal-
ance the vasoconstrictor effects of the stimulus and prevent renal ischemia. The renal side effects of NSAIDS
are primarily observed when normal kidney function is compromised.

3.7. Metabolic and Endocrine Effects

The role of PGs in these systems is complex and generally modulatory in nature. PGEy is synthesized by
adipocytes and is a potent inhibitor of lipolysis. It is also a potent inducer of bone resorption and of calcium
release from bone. Under certain circumstances, however, PGEs can stimulate lipolysis and bone growth (72).
PGE; increases circulating levels of adrenocorticotropic hormone (ACTH), growth hormone, prolactin, and the
gonadotropin hormones (see Growth regulators; Hormones, human growth hormone). Other endocrine effects
have been reviewed (73). The effect of PGEs on insulin and glucose levels is also complex and regulatory in
nature (74) (see Insulin and other antidiabetic drugs).

3.8. Inflammatory and Immune Responses

The role of prostanoids in inflammation is controversial and good evidence exists on both sides of the argument
as to whether they are pro- or antiinflammatory (75). PGEs and PGI; are present in inflamed tissues in sufficient
concentrations to account for the erythema and increased sensitivity characteristic of acute inflammation (76,
77). PGEs are vasodilatory and hyperalgesic, ie, increase sensitivity to pain, and in concert with other mediators
such as bradykinin and histamine, PGEs increase vascular permeability. It is also generally accepted that
NSAIDS act, at least in part, by inhibiting prostanoid production (78). However, PGEs suppress the secretion of
inflammatory mediators by mast cells and the release of lysosomal enzymes from human neutrophils. Possibly
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the state of the tissue governs the nature of the response to prostanoids (79). Prostanoids also moderate
the humoral and cellular immune systems, but their effects are complicated and involve both inhibition and
stimulation (80). Thus PGE; can inhibit T-cell function and proliferation, but under some circumstances PGEs
also stimulate the development of mature T-cells from immature thymocytes and stimulate mitogenic activity
of low density T-cells. These dual excitatory/suppressive effects are also observed on B-cells, natural killer cells,
and macrophages.

3.9. Cytoprotection

One of the most intriguing properties of prostanoids is their ability to protect cells and tissues from various
damaging agents. This phenomenon was first discovered by the observation that natural PGs would prevent
damage of the gastric mucosa when administered prior to various chemical irritants such as ethanol, acid, and
alkali (81, 82). Exogenously administered PGs were also found to prevent the gastric and duodenal damage
caused by NSAIDS. The mechanisms underlying the protective properties of prostanoids remain unknown.
In the stomach the prostanoids exert actions such as stimulation of mucus and bicarbonate, prevention of
mucosal barrier disruption, enhancement of mucosal blood flow, and acceleration of mucosal repair following
damage, but none of these are adequate explanations (83). Rather it appears that additional, unidentified
cellular protective mechanisms exist. The fact that PGs are protective to tissues other than the gastric mu-
cosa supports this hypothesis. Protective effects of PGs have been documented in the colon (84), liver (85),
kidney (86), and pancreas (87), and for injury caused by radiation and chemotherapeutic agents (88, 89) (see
Chemotherapeutics, anticancer; Radioprotective agents). A comprehensive review of the biological protective
properties of prostanoids has been published (90).

3.10. Health and Safety

The prostanoids are extremely potent substances with a wide variety of biological effects. Therefore utmost
caution should be used in their handling to avoid adverse effects. As an example, PGE;, if ingested, may cause
fever, diarrhea, abdominal pain, low blood pressure, nausea, vomiting, headache, and dizziness. If inhaled,
bronchodilatation and respiratory tract irritation may occur. Skin exposure, especially with esters of PGE,
can result in reddening and increased pain sensitivity of the skin, particularly the face. Prostaglandins of the
E- and F-types have uterine stimulating properties and therefore can endanger pregnancy. The LDs5( (the dose
lethal to 50% of the treated population) for PGE; in rats is 228 mg/kg of body weight by oral administration and
19.2 mg/kg intravenously. Material Safety Data Sheets (MSDS) are available for some of the natural compounds,
for example, PGE;, PGD3, and TxBs, from MDL Information Systems, Inc. (San Leandro, California). Other
sources of MSDS are Sigma-Aldrich Corp. (Milwaukee, Wisconsin) or the individual manufacturers of marketed
prostanoids. Prostanoids that are marketed as drugs, for example misoprostol (Cytotec), are regulated by the
U.S. FDA and corresponding agencies in other countries.

4. Prostanoid Receptors

Characterization of prostanoid receptors and quantification of the action of ligands at these receptors have
been hampered by lack of selectivity of the natural prostanoids and most synthetic agonists and antagonists
for specific receptors, the ability of the prostanoids to induce opposing actions in the same tissue, and the
multiplicity of prostanoid receptor subtypes in most tissues. The development of a classification system of
prostanoid receptors (91) (Table 2) provides a working framework toward understanding these interactions.
PGE receptors are pharmacologically divided into three subtypes, EP;, EP3, and EP3, which differ in their
mode of signal transduction; binding at these receptors is believed to lead to elevation of intracellular calcium
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Table 2. Prostaglandin Receptor Subtypes

Most potent natural PG Usual response on

Receptor subtype agonist smooth muscle
EP; PGE, contraction
EP, PGE; relaxation
EP3 PGEs inhibition

DP PGDy relaxation

FP PGFy, contraction

P PGI, relaxation

TP TxAg contraction

levels, stimulation of adenylate cyclase, and inhibition of adenylate cyclase, respectively (92). PGE; increases
cyclic adenosine monophosphate (cAMP) levels in many tissues suggesting that the EPy subtype is ubiquitously
distributed and mediates various PGE; actions in many tissues and cells. EPs receptors mediate relaxation of
tracheal and ileum circular muscle, vasodilation of various blood vessels, and stimulation of sodium and water
reabsorption in kidney tubules. EP; receptors, in contrast, mediate contraction of tracheal and gastrointestinal
smooth muscle. EP3 receptors are involved in modulation of neurotransmitter release (see Neuroregulators),
inhibition of gastric acid secretion, stimulation and relaxation of smooth muscle, and stimulation of lipolysis
in adipose tissue. Two excellent reviews on the prostanoid receptors and their biological actions have been
published (93). The cloning and expression of complementary deoxyribonucleic acids (cDNAs) for various
animal and human prostanoid receptors have been described (94-99) (see Biotechnology; Genetic engineering).

The paucity of selective ligands to activate and antagonize the EP-receptors continues to make charac-
terizations extremely difficult. Sulprostone [60325-46-4] (17) is reported to activate EP; and EP3 but not EPg
receptors, whereas butaprost (18) selectively but weakly activates EPy receptors (100). A potent and highly
selective agonist at EP3 receptors, SC-46275 (19), has been described (101). Only two selective EP; antagonists,
SC-19220 (20) and AH-6809 (21), are known and no selective antagonists of the EP; and EP3 receptors have
been reported. A number of structurally diverse TxAy antagonists have been described (102).

L£H, O /CH”
“ He=CH “CH; ‘CONHSO,CHj

(17

~
\CHQ CH; CHsz
(|-}H
CH CH CH: ,CHj;

s Ny /
HO  ud mye” 5 ity

(18)

Q CH; CH; CH, COOCH,




16 PROSTAGLANDINS

Q  CH; HC=CH CH,

. N
\{IH2 CH, \C()UUH:;
H;C, ,OH
3 CH T CH
z & /
HO  HC \Uﬂz\ﬁé \G
(19)
o
T|~I Cl
C
07 KI\'HNH(”]I{!H;
0
(20)
0
COOH
: O g
CH,’{YD
CH,
(21)

5. Synthesis of Naturally Occurring Prostanoids and Analogues

Following the rebirth of prostanoid research in the early 1960s, intensive efforts were made in numerous
academic and industrial laboratories to develop total chemical syntheses of the natural compounds and, subse-
quently, their analogues. The driving forces behind this plethora of research were the challenges presented by
the stereochemical and functional group complexities of the substances, the wide array of their biological activ-
ities, and their extraordinary therapeutic potential in a host of diseases. Likewise, the discovery of prostacyclin
and thromboxane in the late 1970s also created a burst of activity. Comprehensive reviews of the total synthesis
of the natural prostanoids and their structural analogues are given (6, 103—107) (see Pharmaceuticals, chiral).

5.1. Classical Prostaglandins

Prostanoids of the A to F series are known as the classical prostaglandins to distinguish them from those
discovered and characterized at later dates. Although the bulk of the synthetic activity occurred in the 1970s,
various improvements and new approaches are still appearing in the literature in the 1990s. The numerous
syntheses of the classical prostaglandins may be grouped into three basic strategies: cleavage of polycyclic
intermediates, the conjugate addition approach, and the cyclization of aliphatic precursors (108). The bulk of
the efforts have been devoted to the biologically more important E and F compounds, but direct synthesis of
PGAs, -Cs, and -Ds have been reported.
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5.1.1. Cleavage of Polycyclic Intermediates

Polycyclic intermediates are constructed so that subsequent cleavage generates cyclopentane derivatives con-
taining the proper functional groups and relative configurations. The synthesis of PGEo and PGFy, (Fig. 5)
developed by Corey is an elegant example of this approach and is one of the most widely utilized procedures for
both laboratory synthesis and commercial production (6). In addition to providing the natural products PGE,
and PGFy,, various intermediates in this process, eg, lactone aldehyde (29) and lactone diol (33), are extensively
used in the synthesis of PG analogues. This stereocontrolled synthesis starts from thallous cyclopentadienide
(22), which is alkylated with benzyl chloromethyl ether to give the substituted cyclopentadiene (23). This reac-
tive and somewhat unstable diene is subjected to a Diels-Alder cycloaddition with a-chloroacrylonitrile, and the
resulting cycloadduct is treated with base to generate the ketone function in (24). The rigid bicyclic structure
of (24) has the desired trans relationship between the groups which become the side chains at carbons 8 and
12 of the prostaglandins. Baeyer-Villiger oxidation of ketone (24) using MCPBA gives the lactone (25), which is
hydrolyzed with base to generate a racemic acid. This acid is resolved via its (4 )-amphetamine salt to provide
the enantiomer (26) which has the proper absolute configurations at C-8, -11, and -12. Reaction of (26) with
potassium iodide and iodine results in the formation of iodolactone (27), which has the absolute configurations
of PGFy, at C-8, -9, -11, and -12. The hydroxy function at C-11 is acylated with p-phenylbenzoyl chloride, the
iodine atom at C-10 is removed by reaction with tributyltin hydride, and the benzyl ether is reductively cleaved
to afford lactone alcohol (28). This alcohol is oxidized, by a modified Collins oxidation, to produce the lactone
aldehyde (29) which is commonly referred to as the Corey aldehyde. The lower side chain is stereospecifically at-
tached using the Wadsworth-Emmons modification of the Wittig reaction to give the trans-enone (30); the ketone
group of this side chain is stereoselectively reduced with lithium diisopinocamphenyl-tert-butylborohydride to a
2:1 mixture of the 15(S):15(R) alcohols (31) and (32). The (R)-isomer (32), which is separated from (31) by silica
gel chromatography (qv), is efficiently recycled to (30) by manganese dioxide oxidation; the natural (S)-isomer
(31) is hydrolyzed to the lactone diol (33). The hydroxyl functions of (33) are protected as tetrahydropyranyl
(THP) ethers, the lactone is reduced to the corresponding lactol, and Wittig reaction of this lactol with the ylid
derived from (4-carboxybutyl)triphenylphosphonium bromide affords bis-protected PGF5, (34). Deprotection
of (834) with aqueous acetic acid generates PGFg, (8), whereas oxidation of (34) with chromic acid followed by
aqueous acetic acid deprotection leads to PGEg (1).

Because the Corey synthesis has been extensively used in prostaglandin research, improvements on the
various steps in the procedure have been made. These variations include improved procedures for the prepa-
ration of norbornenone (24), alternative methods for the resolution of acid (26), stereoselective preparations
of (26), improved procedures for the deiodination of iodolactone (27), alternative methods for the synthesis of
Corey aldehyde (29) or its equivalent, and improved procedures for the stereoselective reduction of enone (30)
(108-120)(121-147)(148-168). For example, a catalytic enantioselective Diels-Alder reaction has been used in
a highly efficient synthesis of key intermediate (24) in 92% ee (169).
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Diels-Alder reaction of 2-bromoacrolein and 5-[(benzyloxy)methyl]cyclopentadiene in the presence of 5
mol % of the catalyst (35) afforded the adduct (36) in 83—85% yield, 95:5 exo/endo ratio, and greater than 96:4
enantioselectivity. Treatment of the aldehyde (36) with aqueous hydroxylamine, led to oxime formation and
bromide solvolysis. Tosylation and elimination to the cyanohydrin followed by basic hydrolysis gave (24).

The Corey process is also useful for the synthesis of PGs of the 1 and 3 series. Catalytic hydrogenation of
(34) (see Fig. 5) with 5% Pd/C at —15 — 20°C results in selective reduction of the 5,6-double bond. Subsequent
transformations analogous to those in Figure 5 lead to PGE; (9) and PGF1, (10). The key step for synthesis of
the PGs series is the Wittig reaction of (29) with the appropriate unsaturated w-chain ylide (170).

Another commercially important total synthesis of PGs is based on the stereoselective cleavage of a
bicyclo[3.1.0]hexane structure (Fig. 6). This approach was used in the first published synthesis of a classical
PG (171), and was subsequently improved (172, 173). The synthesis started with norbornadiene (37), which
was monoepoxidized, rearranged under acidic conditions, and treated with 6 to afford the bicyclo[3.1.0]hexene
(88). This intermediate was converted to cyclobutanone (39) by means of a ketene—cycloaddition reaction,
followed by dechlorination with Zn dust. Compound (39) was resolved by diastereomeric oxazolidine formation
with /-ephedrine. Treatment of (39) with m-chloroperbenzoic acid (MCPBA) and hydrolysis of the acetal group
gave (40); condensation of (40) with 1-cyano-1,1-dibromohexane afforded glycidonitrile (41). Solvolysis of (41)
generated enone (42) with the desired C-11 hydroxyl and w-chain allylic alcohol functions. In the solvolysis
of (41), the hydroxyl ion is sterically directed to the a-face of C-11 and formation of the trans double bond is
favored by the spacial disposition of the substituents during the ring-opening sequence. The enone (42) was
acylated at C-11 to produce the lactone enone (30) from the Corey process (see Fig. 5). This synthesis has
produced the equivalent of more than 50 kg/yr of PGFy, and has effectively reduced the cost of synthesizing
PGs to less than one-hundredth of the cost of bioconversion of arachidonic acid (174).

A third procedure involving cleavage of polycyclic intermediates has been reported (175). This synthesis
exploits the stereochemical properties of the bicyclo[3.2.0]heptan-6-one ring system (Fig. 7). Compound (43)
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Fig.5. Corey synthesis of PGE; and PGFy, where DiBAL-H=diisobutylaluminumhydride ; MCPBA=m—chloroperbenzoic acid; py=pyridine ;
THP=tetrahydropyran ; and TSA=p—toluenesulfonic acid (6).

was reduced with Baker’s yeast to give a mixture of the chiral endo and exo (S)-alcohols (44) and (45) which
were readily separated by distillation (qv) or chromatography. Treatment of these intermediates with N-
bromoacetamide provided the corresponding bromohydrins (46) and (47) with concomitant oxidation of the
cyclobutane alcohol group. Both isomers were converted to the lactone diol intermediate (33) by different
processes. With (46), protection of the C-11 hydroxyl group as a silyl ether followed by treatment with potassium
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Fig. 6. Synthesis of prostaglandins via a bicyclo[3.1.0lhexane intermediate where MCPBA=m—chloroperbenzoic acid -

t-butoxide generated the isolatable intermediate (48) (176, 177). Regiospecific cleavage of the cyclopropyl ring
of (48) with an w-chain organocuprate reagent provided (50) which was subjected to Baeyer-Villiger oxidation,
hydrolysis of the silyl ethers, and reverse lactonization to give (833). With the other isomer (47), an epoxide
cleavage route was employed. Thus (47) was ketalized and an epoxide formed by base treatment to give (49).
Cleavage of the strained ketal-epoxide of (49) with the w-chain cuprate reagent gave a 4:1 ratio of (51) and its
undesired regioisomer. The Corey intermediate (33) was generated by hydrolysis and Baeyer-Villiger oxidation
of (561). A number of other synthetic approaches to Corey intermediates have been developed and reviewed
(107, 108).

5.1.2. Conjugate Addition Approach

The use of conjugate addition for prostaglandin synthesis has been widely researched (6, 108, 178-184). It
has been applied to both classical PGs and their analogues and is the basis for the commercial production of
several marketed PG analogues (107, 185). The approach involves the conjugate addition of an organometallic
derivative of the omega chain, M(HC=CH — ), where M is a metal, to a protected hydroxycyclopentenone
which generally already contains the appropriate R*, wherein R’ = protecting group.
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Fig. 7. Synthesis of prostaglandins via cleavage of polycyclic intermediates where R-HC=CHCH(OSi(CH3);C(CHz)3)C5H; -

An alternative three-component coupling procedure, in which the «-chain is incorporated by reaction with
the enolate arising from the initial conjugate addition reaction, has been elegantly researched and refined
(186). The advantage of this overall approach is its convergency, versatility for preparing analogues, and the
stereoselectivity of the addition reaction. The stereoselectivity arises from enolate quenching under thermody-
namic conditions to generate the more stable all-trans product. Thus, fixation of the single asymmetric center
in the enone dictates the eventual stereochemical outcome at C-8 and C-12. Although a variety of organometal-
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lic reagents have been studied, organocuprates have been the most extensively applied to PG synthesis. The
first applications of organocuprate chemistry to PG synthesis were reported in 1972 (187-189). The original
synthesis of PGE; (9) using conjugate addition is shown in Figure 8 (189). The diastereomeric product (54)
was removed by chromatography. The cuprate species (53) was prepared as shown. The enone (60), a precursor
of (52), was prepared from cyclopentadiene. Quantitative alkylation of (57) using ethyl 7-bromoheptanoate
gave the diene (58). Cycloaddition with chemically generated singlet oxygen afforded a mixture of hydroxycy-
clopentenones (59) and (60), in which the desired isomer (60) was a minor proportion of the product. However,
oxidation of the isomeric mixture with Jones reagent to the dione (61), followed by reduction of the sterically
more accessible ketone function, improved the isomer ratio to 2:1 in favor of the 4-hydroxycyclopentenone (60).
In a later synthesis, using a resolved enone, PGE; was produced exclusively (190).

Since this original synthesis, a great number of improvements (191-201) have been made in the stereose-
lective preparation and derivatization of the w-chain precursor, in cuprate reagent composition and preparation,
in protecting group utilization, and in the preparation and resolution of hydroxycyclopentenones. Illustration
of some of the many improvements are seen in a synthesis (202) of enisoprost, a PGE; analogue. The improve-
ments consist of a much more efficient route to the enone as well as modifications in the cuprate reactions.
Preparation of the racemic enone is as follows:
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(Z,7)-1,5-Cyclooctadiene (62) was ozonolyzed to about 65—70% of completion and quenched with triethy-
lamine and acetic anhydride to give the aldehyde ester (63) in 40-50% yield along with about 2-5% of the
corresponding dialdehyde. Reaction of crude (63) with 2-furanylmagnesium chloride provided the furanyl-
carbinol (64) which was treated with zinc chloride to produce (65). Treatment of (65) with a catalytic amount
of anhydrous chloral in the presence of triethylamine gave the desired enone (66). For preparation of the
cuprate reagent, zirconocene chloride hydride followed by iodine was used to generate exclusively the (E)-vinyl
iodide (68) from (67). Treatment of (68) with n-C4HgLi generated the vinyllithium species which was then
converted to the dilithiocyanocuprate reagent (69) by addition of lithium methylcyanocuprate, prepared freshly
from methyllithium and copper cyanide.
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Fig. 8. Synthesis of PGE; using an organocuprate reagent where DiBAL-H is diisobutylaluminumhydride and
R=(CH2)¢§ COOCH,CHj; -
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A further improvement in the cuprate-based methodology for producing PGs utilizes a one-pot procedure
(203). The w-chain precursor (67) was first functionalized with zirconocene chloride hydride in THF. The
vinylzirconium intermediate was transmetalated directly by treatment with two equivalents of n-butyllithium
or methyllithium at —30 to —70°C. Sequential addition of copper cyanide and methyllithium elicited the in
situ generation of the higher order cyanocuprate which was then reacted with the protected enone to give the
PG.

The primary disadvantage of the conjugate addition approach is the necessity of performing two chiral
operations (resolution or asymmetric synthesis) in order to obtain exclusively the stereochemically desired end
product. However, the advent of enzymatic resolutions and stereoselective reducing agents has resulted in
new methods to efficiently produce chiral enones and w-chain synthons, respectively (see Enzymes, industrial;
Enzymes in organic synthesis). For example, treatment of the racemic hydroxy enone (70) with commercially
available porcine pancreatic lipase (PPL) in vinyl acetate gave a separable mixture of (S)-hydroxyenone (71)
and (R)-acetate (72) with enantiomeric excess (ee) of 90% or better (204).
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The (S)-(71) material could be inverted via Mitsunobu chemistry to the desired (R)-isomer without loss
of stereochemical integrity, whereas the (R)-(72) product was readily cleaved to the (R)-alcohol with guanidine
in methanol. The (R)-alcohol could also be recycled to improve its enantiomeric purity. Chiral w-chain alcohols
can be produced with a high ee from the corresponding ketones using stereoselective reducing agents such as
(S)-bi-2-naphthol aluminum hydride ((S)-BINAL-H) (191) and alpine-borane (192). A three-component coupling
procedure has been devised in which conjugate addition to the chiral cyclopentenone (74) is followed by in situ
quenching of the enolate with an «-chain derivative. A typical synthesis using this methodology is as follows:

] O o~ Mt
1. [CH&J_%E[CH:{P;
(S)-BINAL-H 2. LiCulHip e 00 CHL) 4 CHL)
CH CH CH. CH

X » Py SRR e L

$ s HC TcH T“CH, CH,
4] OH OR s

OR

(73) (74) (75, R = -Si(CHg)sC(CHg)y)

OH

|
0
0 CH CH CH
[ SN NP
H-C-O=C—(CHy),0000H, S o=c Cil; COOCH;

CH CH, (CH CHj

&

N -
< HC “CH “CH; CH
OR ? :
OR
(76)
o  cH, CHy ,CH;

SN 7N N
CeHRCSCl, HEn(CyHaly = = P 5 Ha F
& C=C CHz COOCHy B? PGEy methyl ester
\ é,CIfI\ JCHs _CHy; _CHjy

on HC “cH “CH, CH,
OR
a7

PGE; methyl ester was obtained by reduction of the triple bond to the (Z)-olefin and removal of silyl-
protecting groups using fluoride. The primary drawback to this approach is the instability of the enolate
leading to elimination of the 11-hydroxy group. Although reactive trapping species such as aldehydes, alkyl
halides, Michael acceptors, and allylic halides provide reasonable yields of product, simply alkyl halides fail. In
addition, the use of reactive a-chain derivatives often requires further manipulations to generate the desired
PG structure. A number of strategies (205-211) have been implemented to avoid or minimize this problem. With
propargyl halides as trapping agents, the addition of triphenyltin chloride to the enolate aids the alkylation

presumably by enolate metal exchange (186). One improvement (205) of this procedure utilized a vinyl zincate
rather than a cuprate.
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5.1.3. Cyclization of Aliphatic Precursors

This strategy consists of assembling the key functional groups in an aliphatic format, cyclizing to a cyclopentane

intermediate, and completing the synthesis by further elaboration of the side chains. One application of this
strategy is as follows:

0
CHyCOO, ||  cooCHy ¢
% H;CO0
CH4C00, COCI A-C,C.Hcﬁ’ S s
CH CH3CHsMgBr ! * \GOOCH
| #CHy Mgl HszCxCI;l\z MgCO5 3
0
ch\ i I COOCH;y COOCH;
cocl CH,OCCH,CO0H 0 o
(78) (79) (80)
0 0

CHyCOQ CH; O/< /<
i a0y, KOH, CHy0H reduction
$ £ “CHO

d  CcoOCH; og TCOOH OCOCH,

(81) (82) (83)

)

Reaction of (S)-(-)-2-acetoxysuccinyl chloride (78), prepared from (S)-malic acid, using the magnesio-
bromide salt of monomethyl malonate afforded the dioxosuberate (79) which was cyclized with magnesium
carbonate to a 4:1 mixture of cyclopentenone (80) and the 5-acetoxy isomer. Catalytic hydrogenation of (80)
gave (81) having the thermodynamically favored all-trans stereochemistry. Ketone reduction and hydrolysis
produced the bicyclic lactone acid (82) which was converted to the Corey aldehyde equivalent (83). A number
of other approaches have been described (108).

The discovery (1) that the “unnatural” isomer (15R)-PGAy [23602-72-4] and its 15-acetate, methyl ester
(84) were present in unusually large quantities (1.5-3.0% of dry weight) in the coral species Plexaura ho-
momalla provided a stimulus to utilize these materials as sources for synthesis of PGE; (1) and PGFy, (8).
(158)-PGAs was also shown to be present in certain types of P. homomalla coral (212, 213), making access to

PGE; and PGF3, more direct and efficient. However, modern day total synthesis methods have rendered this
source unnecessary.

Vs e
HC=CH <CH; COOCH4

CH _CH, .CH, .CH.
& A2 N2 AT
HC cH “CH, “CH,

OOCCH;

(84)

5.2. Synthesis of Other Prostanoids

The other classical prostaglandins, PGAs, Bs, Cs, Ds, and Js, can be prepared from the PGEs and Fs. Dehy-
dration of PGE, under acidic conditions (CH3COOH/H:0O, heat) generates PGAg, whereas alkaline conditions
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2-Chloro-3-ethyl-

benzoxazolium BF, \.‘,1CH3 CHE CH'J

Y
HC=CH Cf COOCH;
CH CH, CH, CHj

&
HC/ CH CH; CHg

OH
1. Lipase
2. Hy0y, a'l.go‘DCCF.t/ (85)

(6) l 2-Chloro-3-ethylbenzoxazolium BF,,

PGFy,methy] ester
2o v (CaH5) NRr

(CyHg)NCI

CHp CHp CHp

HC=—CH CH, \COOH  Hi0: ®
CH (‘Hé C]—lﬂ CH; AROOCTFy

“cft “cit, ety

Cl

(86)

Fig. 9. Synthesis of prostaglandin endoperoxides.

(NaOH, CH30H) produce PGBs. PGdJg can be formed by dehydration of PGDsy. Total synthetic procedures for
these PGs have been given (6).

5.2.1. Prostaglandin Endoperoxides

The naturally occurring endoperoxides, PGG1, PGGs, PGH1, and PGH,;, as well as a number of their analogues,
having variations in the «- and w-chains, have been prepared by biosynthesis using seminal vesicles (sheep)
as the enzyme source, from the corresponding fatty acids (58). The isolation of these products, demonstrating
that they have an adequate degree of chemical stability, prompted efforts to prepare them by total synthesis.
A practical and efficient synthesis of PGH; (6) and PGGs (5) is depicted in Figure 9 (214, 215).

5.2.2. Prostacyclin

The total syntheses of PGIy (4) have been extensively reviewed (58, 103). The first synthesis of PGI; as its
methyl ester and sodium salt (epoprostenol) (216-218) was pivotal in the chemical characterization of this
unstable molecule (58). The key feature of this synthesis was the iodocyclization reaction to produce a pair of
diastereomers (87) and (88).
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PGF3, methyl ester
[ H e H I
H © CHp COOCH; H C_ CHy COOCH;
A ra & ra &
0 C\cnz “CH, 0 Nef1, e,
) + o
CH CH; CH; CH : CH CH, CH, CH:
F A0 e B L E i 2 Lz LHa
HO  HC ¢y N, i HO  HC ¢ch oy g
OH OH
(87) (88)

Subsequent dehydrohalogenation afforded exclusively the desired (Z)-olefin of the PGI; methyl ester.
Conversion to the sodium salt was achieved by treatment with sodium hydroxide. The sodium salt is crystalline
and, when protected from atmospheric moisture and carbon dioxide, is indefinitely stable. A variation of this
synthesis started with a C-5 acetylenic PGF derivative and used a mercury salt catalyzed cyclization reaction
(219). Although natural PGI; has not been identified, the syntheses of both (6R)- and (6S)-PGI;, [62777-90-6]
and [62770-50-7], respectively, have been described, as has that of PGI3 (104, 216).

5.2.3. Thromboxanes

Because of its highly unstable nature, TxAs (3) eluded total synthesis until 1985. However, following the
disclosure in 1975 of its proposed structure and pharmacological importance, a great deal of effort was expended
to develop syntheses of its stable metabolite, TxBs (15). A practical, short synthesis (220) from the 9,15-
diacetate of PGFq, (89) follows.
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0 OCCH,
«CH, _CH; CH,

VI, N 5 N
OCCHs e, CH, CHy HC=CH 'CH, COOCH,

- & _ N,
O; HC=—CH CHs COOCH3 PhioCOCH,), o - ;/CQ ,Cliz /CI-\I} _CHj
OH Lo 0 OCCH,
O(I?CHS o
© (90)
(89)
0
OCCH;z

E ‘\‘I‘CHQ
- e ™ ™~ .
HC=CH CH, COOCH;
CH (CH, .CH, .CH
HC “CH “CHy, “CHs

(CH3013CH, H*

(91)

Treatment of (89) with lead tetraacetate generates the unstable open-ring aldehyde (90) which is quickly
converted to a dimethylacetal (91). Following basic hydrolysis of the methyl ester and acetates, the acetal is
cleaved with aqueous acid to produce TxBs. A number of other approaches, including one starting from the
Corey aldehyde, have been described (58).

The definitive synthesis of TxAs (3) (57) is outlined in Figure 10. A lactone (91) was formed from TxBs. De-
hydration to the enol ether followed by bromohydrin formation gave intermediate (92) which was cyclized to the
bromooxetane (93) by use of a modified Mitsunobu reaction. Debromination with tri-n-butyltin hydride cleanly
yielded the desired 1,15-lactone form of TxAs, (94). Lactone (94) was unstable to chromatographic purification
but could be obtained free of tin by-products by use of a polymer-bound tin hydride. X-ray crystallography con-
firmed the structure of (94). The macrolactone was saponified in a 1:1 mixture of CD3OD-D50O containing 10
equivalents of NaOD to give the sodium salt of TxAy. This material possessed the appropriate H!-nmr features
of the bicyclic oxetane nucleus and reproduced the biological activities of natural platelet-derived TxAg in a
variety of assays. The lactone (94) was inactive in these assays.

6. Design of Synthetic Analogues

The natural prostanoids have myriad biological effects and held great promise as potential therapeutic agents
in numerous diseases. The natural prostanoids, however, also have three notable drawbacks which medicinal
chemists have tried to overcome by molecular modification in order to produce acceptable drug candidates.
These drawbacks are rapid metabolism which results in lack of activity if taken orally and a short duration
of action, numerous side effects due to their multiplicity of biological activities, and poor chemical stability, a
characteristic especially pronounced in PGE, -D, and -I structures.
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C5HENSCOC,
(CyHglaN
(15)

(91)
Q on
“ L Br. H
CHy (CH30,P
(CaHglaN (CHzOOCN )y
N-bromosuccinimide ~ HO"
('Ha\ /C[\'\lz /CHg 0
CH, 'CH.
(92)
HSn(C;Hs)y, AIBN

CDy0D, D30, NaOD
22°C, 30 min

Na salt of (3)

Fig. 10. Synthesis of TxA; (3), where A1BN=azobisisobutyronitrile -

Table 3. Therapeutically Useful Prostaglandin Analogues
Structure

¢Compound

generic name CAS Registry

(Trade name) Ra Rw Number Company

0
&““
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. \ CH CHz CH2 H3
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Structure

¢Compound
generic name CAS Registry
(Trade name) Ra Rw Number Company
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Table 3. Continued

Structure
¢Compound
generic name CAS Registry
(Trade name) Ra Rw Number Company
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Structure
¢Compound
generic name CAS Registry
(Trade name) Ra Rw Number Company
OH
(2 “Rat
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(Prostin (CH;  CHy CH, N\ SH | /CHz _CHa CHy [58551-69-2] Upjohn
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Structure as given
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Table 3. Continued

Structure
¢Compound
generic name CAS Registry
(Trade name) Ra Rw Number Company
0 CHg CI;lg C{-Iz
RO-21.6937 HC_CH CHs COOCHg
RN HsC, CH, [69900-72-7] Roche
trlmoprostll CH C CH2 (\H‘1
CH; e’ CH Neit, ity
OH
¢l CH, CHp CHy
7K.94726 s HC CH CH, COOH
; HyC, CH, [79360-43-3] Schering AG
nocloprost //(,‘H /(:\ CH. Ho _CHy
HC CH CHg CHg
()H
CH; CH, CHe CH,
< HC CH CH, COOH
meteneprost? CHy /CHﬂ [61263-35-2] Upjohn
: CH ,CHz CHj
E f N \
HO HC CH CHg CHg
()H
QH CH: CHy CH: COONa™
rosaprostol i 2 C[—[2 \CH 2 [56695-65-9] IBI
C Hz CHZ CH;
cH, Ci, “CH,

@ The therapeutic indication (TI) is antiulcer, unless otherwise noted.
b TT is antiulcer and antihypertensive.

¢ TI is antihypertensive.

@ T is fertility control and labor induction.

¢ T1 is veterinary use and synchronization of estrus.

f TT is antiglaucoma.

6.1. Analogues of the Classical Prostaglandins

A list of the more prominent prostaglandin analogues which are either marketed or have reached some stage
of development is given in Table 3. Two reviews (107, 221) detail the syntheses of these compounds and the
strategies associated with their design. One significant strategy in analogue conception has been directed at
impeding the rapid metabolic degradation of the natural compounds. Placement of methyl groups at C-15
or C-16 to block C-15 dehydrogenation has been effective and is exemplified by arbaprostil and trimoprostil.
Blockage of B-oxidation of the a-chain has been attempted by placement of double bonds at C-2,3 and C-
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4,5 and heteroatoms at C-3. Enisoprost, enprostil, and limaprost are examples. Strategies to prevent w-chain
oxidation have also been employed and are seen in enprostil, dimoxaprost, remiprostol, and sulprostone, among
others. To improve selectivity, a number of strategies have been attempted, but the task has proven difficult
and side effects remain a principal hindrance to the therapeutic use of prostaglandins. Perhaps the most
successful modification has been the translocation of the 15-hydroxy group of natural PGEs to the adjacent
C-16 position. Analogues such as misoprostol, enisoprost, rioprostol, and remiprostol are examples of this
approach. Misoprostol, for example, shows improved separation of therapeutic action from undesired effects
such as diarrhea production and cardiovascular effects in comparison with its 15-hydroxy counterparts (222).
Replacement of the C-13,14 double bond with a heteroatom as in GR-63779X and tiprostanide has also provided
improved selectivity. Modifications to improve chemical stability are evident in trimoprostol, nocloprost, and
metenoprost. The propensity for 8-elimination of the 11-hydroxy group has been eliminated in each of these
analogues. The use of bulky aromatic esters, as found in tiprostanide and GR-63779X, to induce or enhance
crystallinity has also been a strategy to improve stability.

6.2. Prostacyclin Analogues

Problems of poor chemical stability, rapid metabolic disposition, and lack of selectivity coupled with its high
therapeutic potential for treatment of cardiovascular diseases led to an extensive exploration of structural
variants of prostacyclin. A list of prominent analogues is given in Table 4, and the synthetic details for these
compounds are available (107, 223). One of the obvious strategies has been to alleviate the chemical instability
inherent in the cyclic enol ether of PGI;. The replacement of oxygen with carbon to give carbacyclic analogues
has been a favorite and successful endeavor. Other modifications have been made to the «- and w-chains to
reduce metabolic susceptibility.

Table 4. Therapeutically Useful Prostacyclin Analogues

Structure
Compound
generic
name
(Trade CAS Registry
name) R R X Number Company®
R
~
HO R
CH,; ,COOH CH ,CH, CH,; CH;
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N :

P oH
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Table 4. Continued

Structure
Compound
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(Trade CAS Registry
name) R R X Number Company®
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Table 4. Continued
Structure
Compound
generic
name
(Trade CAS Registry
name) R R X Number Company®
X
= Rr
OH
TTC-
909 CHz ,COOCH; CH CH, (CH, (CH;
lipoiso- oft, “of, Nohi Noft “oft, Soft, [88931-51-5]  Teijin/Taisho
carba- “CH, OH
cyclin 4
CH,—COOH cHy, A2
KP- cH on du o O [130273-99-3] Mitsubishi/Kasei
10614 *—CH N CH CH
Yon HC” “ci “Ci,
4 OH
Structures as given
COOH
/
/CH2
CH,
du
CG- \L;
4203 ’ [81845-44-5]  Upjohn/Wellcome
ciprostene p
HyCmg ¢
5: \HC(,C{I/CIQIQKCE;,/CIIL*
HO

CH 'CH, CH,
OH

37



38 PROSTAGLANDINS

Table 4. Continued

Structure
Compound
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name
(Trade CAS Registry
name) R R X Number Company®
HOOC,
:CHQ
H,C

beraprost O@ CHjy
= g K'r
e 0
X /C H /C H\ r’_‘C

!COOCHn,
_CH,
CHj
CHy
ZK- CN
34798
nileprost® o
HC//C{_I /CE chg CH;
HO CH CH; CHy
OH
CHy(CH,);CO0CH;
NT™N CH, CHy
OP- 28 Ch

. § CH,
2507 O\
N CH

A\
o HC cm
OH

CH(CHg)sCOOH

0
CH- i

5084 G\
AU /O

[88430-50-6] Toray/Kaken

[71097-83-1]  Schering AG

[101758-79-6] Ono

[111319-88-1] Chinoin




Table 4. Continued

PROSTAGLANDINS

Structure
Compound
generic
name
(Trade CAS Registry
name) R R X Number Company®
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% The therapeutic indication (TI) is antithrombotic, unless otherwise noted.

b TT is antithrombotic and sudden hearing loss.
¢ TI is peripheral vascular disease.

@ TT is antithrombotic and antimetastatic.

¢ TI is antiulcer.

 TT is antihypoxic.
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6.3. Endoperoxide Analogues

The endoperoxide analogues that have been synthesized and biologically evaluated have been summarized (103,
104, 224). In general, these analogues were designed to be more chemically stable than the naturally occurring
substances PGGe and PGH;, which have labile 2,3-dioxabicyclo[2.2.1]heptane ring systems. The following
compounds are notable among the many analogues that have been synthesized. The azo analogue (95) and
the epoxymethano analogues (97) and (98) appear to mimic the biological actions of the native compounds,
whereas the 15-deoxy analogues (96), (99), and (100) inhibit PGHz-induced human platelet aggregation (225,

226).
1 - CH,;CH=CH(CHg2);COOH
1<

HC=CH-CH(OHNCH3);CHjz
(95)

Ny CHyCH=CH(CH,);,COOH
N...
HC=CHI(CHz);CHj
(96)
0 11111 CH;CH=CH(CHy);COOH
HC=CH-CH(OH}iCHz),CHj
(97)
| ........... CH,CH=CH(CH,);COOH
DIiQ
HC=—CH-CH{OH}CHz);CHj
(98)

Qi WﬂCH'&CH:CH(CHQJ;{CODH

HC=CH(CH,);CHj
(99)

HN e ~CHzCH=CH(CH,);COOH

HC=CH(CHz)5CH;
(100)

R = CH,CH=CH (CH2); COOH
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R’ = HC=CH-CH (OH) (CHg), CH3

R’ = HC=CH (CH2)5 CH3

6.4. Thromboxane A, Analogues

The thrust of molecular modification in this arena has been to make chemically stable mimics of TxAy for
biological studies and, secondly, to identify antagonists of TxAy as potential therapeutic agents. The synthesis
and biological properties of some of these analogues, as well as those of numerous other analogues have been
described (224).

«CH;CH=CH(CH,);COOH

0 HC=CHCH(OHNCHg)}4CHjy

«CH;CH=CH(CH,);COOH

HC=CHCH(OHNCHg2)4CHjy

.\ TC Hy;CH=CH(CHy}3COOH

HC=CHCH(OHNCHg2)4CHjy

HC=CHCH(OH)}CHg),CHgy

= “‘\-CHgCH=CH{CH2}HCDO_NH_
G
5

HC=CHCH(OH}CHg)4CHy

R = CH,CH=CH (CHg); COOH
R’ = HC=CHCH (OH) (CH;), CH3

R” = CH,CH=CH (CHg); COO~Na*
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7. Therapeutic Role of Prostanoids

The early promise and anticipation of a large and varied therapeutic role for the prostanoids and their analogues
has gone, for the most part, unfulfilled. In spite of the potential for therapeutic usefulness in many diseases and
a massive effort by many pharmaceutical companies to identify appropriate analogues, only a few compounds
have actually been marketed, and the therapeutic applications have, thus far, been limited to the treatment of
peptic ulcer disease, gynecological needs (l1abor induction and fertility control), synchronization of estrus in farm
animals, cardiovascular indications (antihypertension and ischemic conditions), and likely, with latanoprost,
treatment of glaucoma (see Contraceptive drugs; Gastrointestinal agents; Pharmaceuticals). Even the use of
prostanoids (PGEs and PGIs) in peptic ulcer disease, an application intensely pursued with many analogues
(see Tables 3 and 4) has been only modestly successful. While these perform about as well as the more widely
used histamine blocker agents (cimetidine, etc) in curing ulcers, they are not competitive because of their side
effects, most notably diarrhea and abdominal discomfort, and their contraindication in pregnant patients. The
most widely approved analogue, misoprostol, has found a niche market in the prevention and treatment of
gastric and duodenal ulcers caused by nonsteroidal antiinflammatory drugs. This rather disappointing overall
scenario for prostanoid use in therapy may be changing, however. As the tools and knowledge of science
have advanced, so have approaches and techniques for studying prostaglandins, resulting in the discovery of
potential applications as well as the revisitation of possible use in previously studied diseases. Of special note
for PGE analogues has been the examination of their cytoprotective properties in cancer treatment and their
role in inflammatory and allergic diseases. Several PG analogues have been found to protect a number of tissues
against the effects of radiation and chemotherapeutic agents (88, 89, 227); these analogues may be useful in
preventing side effects, such as mucositis, hair loss, and skin damage, of cancer treatments. The effectiveness of
PGEs in animal models of inflammatory diseases (228, 229) has been noted and there are anecdotal reports of
therapeutic benefit in human patients. Inhaled PGEg has been reported to be effective in preventing late-phase
response to allergen-induced asthma (230) and misoprostol has prevented the late-phase response to antigens
in the skin (231). Thus this renewal of interest and increased breadth of investigation may signal a renaissance
for the participation of prostanoids in drug therapy.

The potential of thromboxane-based drugs in cardiovascular disease is also promising. The early attempts
to produce effective therapeutics based on inhibition of TxA, synthesis failed because of poor efficacy. The lack
of effectiveness of these agents was attributed to the accumulation of the TxAy precursor, PGHy, which is itself
a thromboxane receptor activator (232). However, a more recent and effective approach has been to combine
within one molecule both synthesis-inhibiting properties and receptor antagonism (233, 234) and molecules of
this type are being pursued (235).

8. Commercial Sources

Many of the natural prostanocids as well as some of their analogues and related products are available in
research quantities from several companies. These include Biomol Research Laboratories (Plymouth Meeting,
Pennsylvania), Cayman Chemical (Ann Arbor, Michigan), and Cascade Biochem, Ltd. (Berkshire, England).
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