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Introduction 

Su ne Bergström 

Karolinska Institute^ Stockholm, Sweden 

Ladies and Gentlemen, on behalf of the organizers and of the sponsor, the Schering 
Company, I wish you all very welcome. 

I will start by telling you a little about the background of this conference. 

In June 1971, Professor Marois invited the members of the Organizing and Program 
Committee to Paris, and we had a two-day session discussing how we would like to 
have an International Prostaglandin Conference organized. We discussed various 
locations from Nice and Paris to a ship sailing in the Mediterranean, and we made up 
a five-day program for June 1972. However, the finances for the conference had to 
be sought, and it was entrusted to the small Organizing Committee to try to arrange 
that. It was only in August that we came in contact with the Schering Company which 
graciously agreed to sponsor and finance the meeting. From then on, the organiza-
tion of the conference has been handled most efficiently by Doctor Silke Bernliard 
and her staff in the section of Scientific Relations of the Schering Company. In Octo-
ber, we were able to secure a suitable place for a conference of the expected size, 
but by that time the original plans had to be modified. The meeting had to be de-
layed until September 1972 and condensed to four days. Furthermore, it has been 
necessary to run two parallel sessions. Unfortunately, some of the chairmen of the 
various sections by a misunderstanding sent out the original program. Another fea-
ture is that the attendance of this meeting had to be limited to 500, and, unfortunate-
ly, due to the local authorities, it is difficult at present to do anything for those who 
have turned up here now wanting to participate. 

Before separating into two sections, we thought that it might be appropriate to show 
at least a few slides as an introduction while we are all still together. 

Looking back on the history of the prostaglandins, we have indicated the first publi-
cations of the observations by Goldblat and by von Euler of the biological effects of 

2 Schering 9 1 
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P R O S T A G L A N D I N P U B L I C A T I O N S 
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Fig. 1 

the human semen. You can see how little interest, or impact, these discoveries creat-
ed at that time. The reason was obviously that it was thought that these effects were 
due to then known compounds, and it was only when the isolation and structure 
work in the late fifties and early sixties proved that a new group of compounds were 
responsible for the effects, that the field came to life. Only then did the number of 
publications start to increase rapidly, even if the supply of compounds at that time 
was very small. However, the elucidation of the structure of these six primary prosta-
glandins led to the speculation that essential fatty acids might be the natural pre-
cursors for the prostaglandins. That this was indeed the case was proven simultaneous-
ly by Doctor van Dorp's group in the Unilever research laboratories in Holland, by 
our group at Karolinska Institutet in Sweden, and by a group at The Upjohn Com-

BIOSYNTHESIS OF PRIMARY PROSTAGLANDINS 

Fig. 2 
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pany in the USA. This discovery in its turn led to the biosynthetic production of 
the primary prostaglandin compounds so that they could be studied in many labora-
tories. This resulted in a very rapid increase in the number of publications. 

Fig. 3 

58 60 62 64 66 68 YEAR 

The total chemical synthesis by several methods was brought to practical use in 
several places during the late sixties. The number of samples sent out by The Up-
john Company increased from 71 to over 2000 annually from 1965 to 1971. This 
material was mainly prepared by the biosynthetic method. Another surprise was, 
of course, the discovery of the enormously high concentrations of prostaglandins 
in the Gorgonia coral which has also played a certain role as raw material for pro-
duction of prostaglandins during this time. 

At this meeting, the first extensive discussion of new active analogs of prostaglandins 
will take place. It is known that the first metabolic reaction causing inactivation is 
the dehydrogenation of the hydroxyl at C-15, and as you have seen from the pro-
gram, the first clinical evaluation of the compounds E 2 and F2a with a methyl 
group at C-15 will be discussed. This, of course, is only a small beginning of a new 
field that will develop rapidly. 

The field of the prostaglandins has really matured now, especially since we have 
antagonists and also inhibitors of the biosynthesis. Especially the discoveries by 
Professor Vane and his colleagues of the effect of aspirin and indomethasin and other 
compounds will have a tremendous impact on the study of the role of the prosta-
glandins in the living organism. Likewise, other compounds that can modify the rate 
and ratio between the different compounds formed are emerging. 
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The following slide is only to remind you of the great complexity of the metabolism 
of prostaglandins. That leads me to one of the most important parts of this confer-
ence, namely the evaluation of the various analytical methods available for the deter-
mination of the often extremely minute amounts occurring in the living organism. 
Much of the data published so far based on bioassay, etc., are rather unreliable. At 
the WHO meeting in Stockholm, January 1972, on "Prostaglandins in Fertility Con-
trol," it was agreed to do an international comparison of the radioimmunoassays 
that had then been published and the gas chromatography-mass spectrometry method 
developed in Stockholm. I think the round-table discussion on the analytical questions 
will be one of the most important parts of this meeting. 

Fig. 4 
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You have seen how decades passed during the early history of the prostaglandins. 
Nowadays, it only took a few weeks after Professor Vane's publication in Nature 
until the readers of the New York Times knew all about it. This rapid publication 
in the press is of course gratifying, even if it sometimes would be preferable that the 
data as to the clinical possibilities of the prostaglandins were more mature before 
being spread by the press. 

The program here has, of course, to a large extent been guided by the number of 
papers sent in for presentation. The clinical papers in the field of control of human 
reproduction is by far the largest group, which is as it should be, since that is the 
largest problem facing mankind at present. I also think it is very gratifying that 
industry is participating to such a large extent at this meeting, roughly a third of the 
participants are from about forty pharmaceutical companies. 

I believe it is only through closer cooperation in all respects between academia and 
the pharmaceutical industry that we can achieve what is necessary for an acceptable 
future of mankind. 
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Quantitative Aspects on Prostaglandin Synthesis in Man 

Bengt Samueisson 

Department of Chemistry, Karolinska Institutet, S—104 01 Stockholm 60, Sweden 

Summary: Mass spectrometry methods have been developed and used for quantitative deter-

mination of the major prostaglandin metabolites. The synthesis (Mg/24 hrs) in humans based on 

these measurements was for PGEj + P G E 2 : 4 6 ~ 3 3 3 (d, η = 10), 1 8 - 3 8 (9, η = 9) , and for P G F l tt 

+ P G F 2a
:
 4 2 - 1 2 0 (d, η = 9) , 3 6 ~ 6 1 (9, η = 8). During continuous infusion of P G F 2 a, the ratio 

between 15 -ke to -d ihydro-PGF 2 Äand P G F 2 Ä ranged from 1 0
_
7 0 . Calculated basal levels of 

P G F 2 C Ka n d 15-ke to -d ihydro-PGF 2 awere 2 and 50 picog/ml, respectively. Reported concen-

trations of P G F 2# a r e 1 0 0
—
1 0 0 0 - f o l d higher than the calculated values, whereas the expected 

level of 15 -keto -d ihydro-PGF 2 Äi s close to that found by quantitative mass spectrometry. It is 

concluded that the concentration of P G F 2# in peripheral plasma samples cannot be used to 

monitor P G F 2 Q: synthesis in tissues and organs. In order to follow these reactions, the plasma 

level of the metabolite, 15-keto-d ihydro-PGF 2 a, should be measured. Similar problems are in-

volved in the analysis of PGE compounds. 

Determination of the structure of prostaglandin metabolites, studies of their meta-
bolic pathways, and the development of new analytical methods have recently made 
it possible to obtain quantitative data on the endogenous formation of prostaglan-
dins in humans and experimental animals. The present review summarizes some of 
our studies in humans and deals specifically with the relationship between plasma 
prostaglandin levels and prostaglandin biosynthesis. 

Tritium-labeled PGE2 administered intravenously to human subjects is rapidly con-
verted into lla-hydroxy-9,15-diketo-prost-5-enoic acid [14]. This compound is 
further degraded into several metabolites, which are mainly excreted in the urine. 
The major urinary metabolite has been identified as 7α-hydroxy-5,11-diketo-tetra-
nor-prostane-l,16-dioic acid [13, 14] (Fig. 1). This compound is also formed from 
PGEj and the metabolites lla-hydroxy-9,15-diketoprostanoic acid, 11 α-hydroxy -
5,13-dienoic acid. Analogous transformations have been found for P G F 2 a and 

7 
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Fig. 1. Reactions involved in the formation of the major urinary metabolite (7 a-hydroxy-5, 

11-diketotetranor-prosta-l, 16-dioic acid) from P G E 2 

P G F i a, which give rise to 3a, 7a-dihydroxy-ll-ketotetranor-prostane-l,16-dioic 
acid as the major metabolite [7] (Fig. 2). Both the PGF and the PGE compounds 
are metabolized to a large number of other compounds, which have recently been 
identified [5, 8, 19]. 

Using a gas chromatographic method, the amounts of 7a-hydroxy-5,l 1-diketotetra-
nor-prostane-1,16-dioic acid in 24-hour samples of urine was found to range between 
7 - 2 7 Mg [14]. Recently improved methods for quantitative determination of both 
this metabolite and the major product from PGF 2a and P G F m have been develop-
ed [11]. These methods are based on the use of a deuterium-labeled derivative of 
the metabolite as internal standard and mass spectrometric determination of the 
ratio between unlabeled and deuterium-labeled molecules [1, 20]. A chromatogram 
showing both the total ion current and the intensities of ions (m/e 365 and m/e 368) 
representing the protium and deuterium forms is demonstrated in Fig. 3. The re-
sults of the analyses are summarized in Fig. 4. Male subjects consistently excreted 
larger amounts of the metabolite derived from PGEi and PGE2 than female subjects. 
The data obtained have also been used together with information on recovery of 
the metabolites from their precursors to calculate the synthesis of prostaglandins 
of the PGE (PGEj and PGE 2) and the PGF ( P G F m and P G F 2 a) group (Fig. 5). 
The PGE values, however, do not include the synthesis of PGE compounds used as 
precursors of PGAj. and PGA2. A correction has been made for the small contribu-
tion of PGE ! and PGE2 to the PGF metabolite. 
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C 2o ACIDS C<i8 ACIDS C 1 6 ACIDS C 1 Zi ACIDS 

Fig. 2. Tentative pathways in the metabolism of prostaglandin F 2 a in female subjects. Compound 
within brackets have not been identified. 

Administration of indomethacin (4x50 mg/24 hrs) to healthy human subjects re-
sulted in a pronounced suppression of the levels of the major metabolite in urine 
(77 -98 % inhibition, Fig. 6) [11]. Much higher doses of indomethacin (30 -100 
mg/kgx 24 hrs) were required to accomplish a similar inhibition in the guinea pig 
[15]. In man, therapeutic doses of aspirin and sodium salicylate (4x0.75 g/24 hrs) 
also gave a strong inhibition of the excretion of the major metabolite (Fig. 6). 



10 Β. Samuelsson 

Sex Amount (Mg/24 hrs) 

Males 6,5 7,3 7,4 8,1 9,6 10,9 11,9 12,3 34,0 46,7 

Females 2,5 3,4 3,9 4,0 4,1 4,1 4,2 4,5 4 ,8 5,3 

Fig. 4. Excretion of 7 a-hydroxy-5,11 -dike to te tranor-prostane-1,16-dioic acid in 20 healthy 

human subjects 

Compounds 
Mg / 24 hrs 

Compounds 
Males Females 

P G E ! + P G E 2 4 6 - 3 3 3 (N = 10) 1 8 - - 3 8 ( N = 10) 

P G F i a+ P G F 2 a 
4 2 - 1 2 0 ( N = 9 ) 3 6 - -61 ( N = 8 ) 

Fig. 5. Synthesis of prostaglandins in humans 

Fig. 3 

Multiple-ion analysis in quantitative 

determination of the major isomer of 

bis (0-
2
H 3-methyl-oxime)-trimethyl-

silyl ether derivative of dimethyl 

7 a-hydroxy-5, 11-diketotetranor-

prostane-1, 16-dioate 
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Subject Amount of metabolite (/zg/24 hrs) 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

I
a
 (?) 4 .8 4.8 1.8* 1 .1* 1.5* 2.7 4.1 

I I
a
 (9) 3.9 4.4 0 .7* 0.7* 0.7* 3.1 6.5 

i n
a
 (9) 3.8 3.0 0 .5* 0 .3* 0 .3* 0.8 1.1 

I V
a
 (d) - 47 .0 1 8 . 1 * 3.5 - - -

I V
a
 (d) 24.0 23.0 6 .2* 0 .5* 0 .5* 4.1 20.0 

i v
b
 (d) - 47 .0 19 .5* 6 .4* 6 .4* 16.6 33.3 

i v
c
 (d) - 33.5 2 1 . 2 * 3 .7* 0 .6* - -

I V
e
 (d) 34.8 32.0 2 6 . 1 * 9 .4* 4 . 3 * 3.9 13.3 

Fig. 6. Excretion of 7a-hydroxy-5, l l -diketotetranor-prostane-l ,16-dioic acid in subjects re-

ceiving analgesics. Indomethacin (a, 4 χ 5 0 mg/24 hrs), aspirin (b, 4 χ 0.75 g /24 hrs), and sodium 

salicylate (c, 4 χ 0.75 g /24 hrs) were given as indicated by asterisk. 

Fig. 7 

Determinations of tritium-labeled P G E 2 

(• " ) a n d l l a -hydroxy-9 ,15 -d ike to -

prost-5-enoic acid ( · · ) after 

intravenous injection of [ 1 7 , 1 8 -
3
H 2] 

P G E 2, and of tritium-labeled l la -hydroxy-9 , 

15-diketoprost-5-enoic acid (o o) 

after injection of [ 1 7 , 1 8 -
3
H 2] l l a -

hydroxy-9, 15-diketoprost-5-enoic acid. 

A semilogarithmic plot of the last-

mentioned curve is also shown. 
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Intravenous administration of PGE2 to human subjects results in very rapid trans-
formation into lla-hydroxy-9,15-diketoprost-5-enoic acid by the enzymes prosta-
glandin dehydrogenase and A

1 3
-reductase [14]. Thus, 1.5 min after the injection 

only about 3 % was present as PGE 2 in the blood, whereas more than 40 % was re-
covered as the 15-keto-dihydro-metabolite (Fig. 7). Similar transformations have 
been observed for P G F 2 a [6]. In this case, however, a dihydro-derivative was also 
identified. 

We have recently determined the plasma levels of P G F 2 C6 15-keto-dihydro-PGF2 û :, 
and dihydro-PGF 2a during continuous intravenous infusion of P G F 2 a to human 
subjects at a rate of 75 Mg/min [15]. The concentration of the 15-keto-dihydro-deri-
vative (105 ± 29 nanog/ml) was 10-70-fold higher than the parent P G F 2 a (Fig. 8). 
The amount of PGF 2 Û! reaching the blood was, in this experiment, about 2,000-
fold that calculated to be released under normal conditions in females. Therefore, 
the normal basal concentration of P G F 2 a should not exceed 2 picog/ml, whereas 
the 15-keto-dihydro-PGF2a level might reach 50 picog/ml (Fig. 9). The latter value 

Fig. 8 

Serum levels of prostaglandins during constant 

infusion of P G F 2 a 

Compound 

During i. v. adm. 

P G F 2 a7 5 Mg/min 

= 108,000 Mg/24 hrs 

Endogenous total synthesis of P G F 1 Û: 

+ P G F 2 a 36-61 Mg/24 hrs 

reported calculated reported 

plasma serum 

P G F 2 a 4,450 ± 2,660 

15-keto^i- 1 05 ooo ±29,300 
h y d r o - P G F 2a 

2 

50 

200-300 (RIA) < 1 0 - 9 9 0 ( R I A ) 

500-2,500 (RIA) 

<200 (MS) 

20 (MS) 

Fig. 9. Concentrations of prostaglandins in females picog/ml 
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is of the same order of magnitude as that recently found by quantitative mass spec-
trometry [10]. However, reported values f o r P G F 2a are about 100-1000-fold higher 
than expected [3, 4, 16]. 

It has been reported that the clotting process releases prostaglandins, and that pros-
taglandin levels should be measured in plasma instead of serum [18]. Our data on 
the levels of P G F 2 a and 15-keto-dihydro-PGF2a during infusion of P G F 2 a and un-
der normal conditions, however, indicate that not even the levels of P G F 2a in samp-
les of peripheral plasma are related to the rate of endogenous synthesis of P G F 2a 

in vivo in tissues and organs. The P G F 2a is probably formed by activation of the 
potent platelet system for prostaglandin biosynthesis even during the procedure 
involved in isolating blood plasma. Additional sources of P G F 2 a might be leucocy-
tes and nonenzymatic cyclization of polyunsaturated fatty acids in the blood. The 
latter reaction has been shown to take place in the presence of oxygen and hemin 
[18]. 

The major plasma metabolite of P G F 2 a, 15-keto-dihydro-PGF2 0 :, is formed from 
P G F 2a in many tissues but not in blood. Both compounds can be expected to be 
rapidly released from the tissues. The 15-keto-dihydro-derivative, therefore, repre-
sents the compound of choice for monitoring P G F 2 a biosynthesis in vivo by ana-
lysis of prostaglandins in peripheral plasma. Methods for quantitative determination 
of this metabolite either by mass spectrometry or by radioimmunoassay have re-
cently been developed in our laboratory [9, 10]. Similar problems are involved in 
the plasma analysis of PGE compounds, and work is in progress to develop methods 
also for this group of prostaglandins. 

Acknowledgements: These studies were supported by grants from the Swedish Medical Rese-
arch Council (project no . 1 3 X - 2 1 7 ) , Stiftelsen Riksbankens Jubileumsfond, and Knut and 
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Inhibition of Prostaglandin Biosynthesis 

William Ε. M. Lands, Paul R. LeTellier, Leonard H. Rome, and Jack Y . Vanderhoek 
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U.S.A. 

Summary : The fatty acid dioxygenase that initiates the conversion of unsaturated acids to 
prostaglandin may be inhibited in both reversible and irreversible ways. Reversible inhibitors 
such as CN~ and some antioxidants are effective only at high concentrations, and certain 
dithiols and C u

+2
 chelators are effective at 1 0 "

3
 M, suggesting a role for that ion in the activat-

ed vesicular gland dioxygenase that is not apparent with the soybean enzyme. A variety o f 
substrate analogs also appear to compete for the active site with values ranging down to 
1 0 ~

6
 Μ (Κι ) . The existence of a separate site for hydroperoxide is indicated from the reversible 

inhibition by added glutathione peroxidase. 

All fatty acid substrates tested so far led to a self-catalyzed destruction of the dioxygenase 
activity in an irreversible manner regardless of their ability to form active hormone. This 
phenomenon would automatically tend to limit the amount of hormone produced per catalytic 
protein. The loss o f activity is dependent upon 0 2 and is blocked by reversible inhibitors of 
dioxygenase action. Although eicosatetraynoic acid exhibits no appreciable uptake o f 0 2 , it 
destroys enzymic activity in a time-dependent and inhibitable manner analogous to that for 
acids that are substrates. Like the other irreversible time-dependent inhibitors of dioxygenase 
activity, indomethacin was effective in vitro at 1-10 χ 10 ~

6
 M. It does not, however, require 

the high levels of 0 2 needed by the other irreversible inhibitors described above, and its mode 
of action appears to be different. These studies, in combination, provide more detailed insight 
into the overall mechanism of converting the unsaturated prostaglandin precursors into oxy-
genated products. 

Introduction 

A wide variety of agents appear to be able to modify the amount of prostaglandin 
that could be produced by a tissue. Since the conversion of lipid precursors to 
prostaglandins is a multistage enzyme-catalyzed process, we have initiated studies to 

15 
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define more clearly the probable cofactors and mechanisms for the various steps, 
and thus understand how they may be regulated. The reactions shown in Fig. 1 
illustrate the variety of steps involved. Some increase in acylhydrolase activity seems 
essential to the production of appreciable amounts of hormone since the non-
esterified acid precursors are not normally present in significant amounts, and we 
found no evidence for any appreciable synthesis to occur when the acid was ester-
ified to phospholipid [12]. The need for some additional reducing equivalents to 
produce the F-type prostaglandins is readily apparent, and we [13] have described 
a Cu

+ 2
-dithiol system that produces predominantly PGF 2 Û! and very little PGE 2, 

whereas the use of glutathione provides mostly PGE2 and very little PGF 2 Q! [11]. 
Reactions 4 [5] and 7 [7] appear to be side reactions that occur in the absence of 
the cofactors needed for reactions 5 and 6. In examining the mechanism of reac-
tion 1, we found evidence for a more complex process than originally anticipated. 
The results suggest that the initial oxygenation process could be subject to a variety 
of physiological and biochemical control events. This report will primarily describe 
some results of inhibitory studies on the oxygenation reaction that give further 
insight into the possible regulation of prostaglandin biosynthesis. 

Materials and methods 

Most inhibitory agents were purchased from commercial sources. Fatty acid 
substrates were purchased from the Hormel Institute or Nucheck Preps, whereas 
the eicosatetraynoic acid was a gift from Hoffman-La Roche ; oxyphenbutazone, 
from Geigy Pharmaceuticals ; and the indomethacin from Merck, Sharp & Dohme. 
The Upjohn Company gave us preparations of sheep vesicular glands used for 
enzymic work. 

The principal method used was an automatic multisample continuous recording 
oxygen electrode system with 3 ml. reaction mixtures containing 0.1 M Tris 
chloride buffer (pH 8.5), 0.6 mM phenol, 10 to 80 μΜ substrate acid, and preparat-
ions of acetone powder (2 to 6 mg) of sheep vesicular glands. 

Results and discussion 

Figure 2 shows that although a variety of acids can serve as substrates for the vesicular 
gland oxygenase, the presence of the terminal ( n - 3 ) ethylenic bond seems to inter-
fere with the normal reaction at the (n -9 ) bond. In the series of acids tested, only 
the (n -6 ) polyenoic acids reacted with the oxygenase. Results for other poly-
unsaturated acids have been described by van Dorp's group [1 ,20] , which support 
the above observations. Earlier reports by Hamberg and Samuelsson have elegantly 
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Phosphoglyceride Triglyceride 

Acylhydrolases 

I 
(CH 2) 5COOH 

2 γθ2 

A, (CH 2) 5COOH 

(CH 2) 5COOH 

PGE t h_^y OH 

HO
 C

4 H 9 

PGFj 

Fig. 1. The overall system for prostaglandin biosynthesis 
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Acid ks value 

1 8 : 1 ( n - 9 ) 0 

1 8 : 2 ( n - 6 ) 7 

1 8 : 3 ( n - 6 ) 9 

1 8 : 3 ( n - 3 ) 0 

2 0 : 2 ( n - 6 ) 16 

20: 3 ( n - 6 ) 65 

2 0 : 3 ( n - 3 ) 0 

2 0 : 4 ( n - 6 ) 35 

2 0 : 5 ( n - 3 ) 0 
2 2 : 6 ( n - 3 ) 0 

μΜ 0 2/ m i n 

mg E/ml 

Fig. 2 

Average maximal velocities of oxygenation 

Fig. 3 

Effect of glutathione peroxidase on 

lipoxygenase rates 

Time 

described the stereospecificity of hydrogen removal [8] and oxygen addition [6] in 
this reaction. Interestingly, the lipoxygenase of soybean has a similar selectivity for 
the (n-8 ) proton even though the oxygen attacks the (n -6 ) ethylenic bond and the 
reaction is not inhibited by the presence of a terminal (n -3 ) double bond. All vesi-
cular gland preparations tested so far converted 20:3 (the PGE! precursor) more 
rapidly than arachidonate. 

Glutathione peroxidase inhibited not only prostaglandin formation [11], but also 
the soybean lipoxygenase (see Fig. 3), suggesting that a hydroperoxide derivative 
may be needed for the reaction to work. This was further supported by the exten-
sive lags noted in attaining initial velocities (Fig. 4) and led to formulation of a 
possible mechanism to account for this behavior (Fig. 5) [ 19]. In this mechanism, 
we propose that the fatty acid hydroperoxide may react with oxygen to form a 
tetroxide which could then interact with a substrate molecule on the enzyme 
surface to form reactive intermediates. These intermediates would be thermo-
dynamically favored to give the correct hydroperoxide under the stereospecific 
control of the enzyme. Such transient intermediates could exist and still be compat-
ible with the isotope enrichment in substrate observed by Hamberg and Samuels-
son [8]. 
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FIG. 5. A hypothetical mechanism for fatty acid oxygenase 

Another unusual feature of the oxygenase reaction is its tendency to stop before all 
the substrate has been consumed (Fig. 6). This phenomenon appears to be due to a 
self-catalyzed inactivation of the enzyme as formulated in Fig. 7. Interestingly, this 
type of inhibition mechanism predicts that the instantaneous velocity at different 
times may be linearly related to the remaining substrate rather than the more 
familiar hyperbolic relationship [3] . We find that such a linear relationship does 
occur (Fig. 8) during oxygenation of fatty acids by vesicular gland preparations. 

FIG. 4 

Kinetic lag in lipoxygenase action 

on 20 : 4 
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Fjg. 6 

Limitation of the extent o f reaction by the 
amount of protein 

Time 

^ E + P 
k 3 

E + S ^ r E S < 
^ E * + S 

k 2P 

k 3 [ E 0 - E * ]
 k3[Eo~~k7l 

d P / d t = - ~ - = — ^ — and P = S 0 - S t 

¥ • · ¥ • » 
( k 3 E 0- k 2S o ) k 2S . . . . „ 

ν = — = + τζ s Κ + k 2S 

¥•> τ * 1 

Fig. 7. A kinetic formulation of the self-catalyzed destruction 

The slope of these lines ( k 2) is constant over a range of conditions and appears to be 
a property of the enzyme-substrate complex. The magnitude of this first-order rate 
constant for different acids is given in Fig. 9. Those acids which showed the largest 
turnover numbers ( k 3) also have a tendency to destroy the catalytic activity most 
rapidly (k 2) . 
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Fig. 8 

The linear relationship between 

vt and St 

Acid Estimated k 2 value 
( m i n "

1
) 

18 : l ( n - 9 ) 0 
18 :2 ( n - 6 ) .4 
18 :3 ( n - 6 ) .3 
18 :3 ( n - 3 ) 0 
20 :2 ( n - 6 ) .9 
20 :3 ( n - 6 ) 2. 
20 :3 ( n - 3 ) 0 
20 :4 ( n - 6 ) 1. 
20 :5 ( n - 3 ) 0 
22 6 ( n - 3 ) 0 

Fig. 9 . Destruction o f vesicular gland oxygenase 

The above results support our formulation of the overall mechanism for the vesi-
cular gland oxygenase as shown in Fig. 10. The existence of both a product and 
substrate binding site extends the possibilities for reversible competitive concen-
tration-dependent inhibitions by substrate or product analogs [15]. Furthermore, 
the removal of all hydroperoxide from the system prevents formation of the active 
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Fig. 11. Examples of instantaneous and of progressive inhibitions 

intermediates that allow the substrate to react. Also, the progressive self-catalyzed 
destruction of enzyme (indicated by the k 2 value) places an upper limit on the 
maximum amount of product that can be produced by the enzyme. Unsaturated 
acids which are not precursors for prostaglandin formation but are present in 
cellular lipids may be released along with the desired precursors and inhibit the 
process of hormone formation. The nature and magnitude of this inhibition would 
then depend upon the composition of acids released. We must question whether 
the release of arachidonate could occur without release of those naturally occurring 

Fig. 10 

A proposed formulation for 

oxygenase activity 
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Fig. 12. 20: 3 ( n - 3 ) Inhibition of 20:4 ( n - 6 ) oxidation 

Acid μΜ 

18:1 ( n - 9 ) 22 

18:3 ( n - 3 ) 15 

2 0 : 3 ( n - 3 ) 6 
20 :5 ( n - 3 ) 2.5 

22 :6 ( n - 3 ) 1.7 Fig. 13. Competitive inhibition constants (Kj) 

inhibitors. Examples of the instantaneous reversible inhibition and the time-dep-
endent nonreversible inhibition, measured in our in vitro system, are shown in 
Fig. 11. The observed velocities of 0 2 consumption can then be plotted in the 
presence or absence of different amounts of inhibitor (see Fig. 12) to provide 
kinetic parameters for comparative purposes. In this case, we see that the (n -3 ) 
acid, 20:3 , has a competitive inhibition constant of 6 μΜ. It can be seen in Fig. 13 
that those (n -3 ) acids which are not substrates can still compete for binding at the 
substrate site. This competitive binding is stronger for the more highly unsaturated 
acids. On the other hand, the (n -6 ) acids such as linoleate (Fig. 14) cause both an 
instantaneous competitive inhibition and a progressive and nonreversible loss of 
activity. The first-order rate constant measured for this time-dependent loss is 
similar to that observed for the self-catalyzed destruction noted earlier. Since the 
loss of enzyme seen in Fig. 11 can be prevented by anaerobic conditions under 
which no oxygenase reaction can occur, it appears that we can protect the enzyme 
from itself. 

We found that another method of inhibiting the oxygenation of acid and thus 
preventing the self-catalyzed destruction of enzyme is by adding diethyldithio-
carbamate or other reagents known to complex C u

+ 2
. An early report by Nugteren 

et al. [15] stated that no inhibition was found with mM levels of several metal 
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Complexing Agent [ I l so(mM) 

Toluene-3,4-dithiol 0.15 
Sodium cyanide .6 
Dithizone .8 
Diethyldithiocarbamate 2. 
o-Phenanthroline 2. 
Bathocuproine sulfonate 5. 
2,2'-Bipyridine 8. 
Ethyl xanthate 25. 
Tiron > 5 0 . Fig. 15. Inhibition by complexing agents 

complexing agents that we have studied. We feel that our current methods are more 
sensitive ; Fig. 15 gives the concentrations of these agents that give 50% inhibition 
of the oxygenase reaction in vitro. These results, plus those described earlier with 
dithiols [11], lead us to believe that C u

+2
 could play a role in the oxygenation 

reaction in the vesicular gland. 

A variety of antioxidants were found to inhibit the vesicular gland dioxygenase. 
The concentrations of these antioxidants that give 50% inhibition of the oxygenase 
are listed in Fig. 16. We were surprised by the large differences between BHA and 
BHT, and also between hydroquinone and napthol-1. An early report by Tappel 
et al. [21] indicated that α-napthol, catechol, tocopherol, and hydroquinone were 
equally inhibitory with soybean lipoxygenase. Apparently the inhibitory ability of 

Fig. 14 

Loss of vesicular gland oxygenase with 

18 : 2 
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Antioxidant d i s o (MM) 

a-Naphthol 3.5 
Santoquin 6.5 
BHA 6.7 
NDGA 11 
0-Naphthol 11 
Guaicol 25 
Trimethylhydroquinone 56 
Quercetin 90 
Propyl Gallate 120 
Methylene Blue 140 
Hydroquinone 180 
BHT 190 
Ascorbic Acid 310 
α-Tocopherol 500 
Sodium Citrate > 1 7 0 0 Fig. 16. Inhibition by antioxidants 

1' 12' 29' 

Anaerobic 16 16 15 
Aerobic 12 7 2 

Fig. 17 

Time-dependent inhibition by 
eicosatetraynoic acid. The 
velocities are given as μΜ/min. 

Added GSH+ 
GSH peroxidase 

Omitted peroxidase 

r 5' 10 

18 19 19 

10 4 2 

these agents is influenced by the structure of the enzyme and not solely related to 
their traditional antioxidant potencies [2, 22]. Our findings lead us to believe that 
suggestions that antioxidants may retard the aging process (e.g., [10, 16]) should be 
balanced against our evidence that some antioxidants may also block prostaglandin 
biosynthesis even when present at very low levels. 

Inhibition of prostaglandin formation by eicosatetraynoic acid was first reported 
by Downing et al. [4]. Our examination of the mechanism of this inhibition in-
dicates that it is a time-dependent process (Fig. 17). The inhibitory action is prevent-
ed by excluding either the oxygen or the lipid hydroperoxide needed to form reac-
tive intermediates. Furthermore, diethyldithiocarbamate, which blocks the oxy-
genation of fatty acids by the oxygenase, also prevents the time-dependent inhibit-
ion by the tetrayne. In addition, the antioxidant α-napthol also can prevent the 
destructive action of eicosatetraynoic acid (Fig. 18). Thus, this acetylenic derivative 
appears to be functioning as a substrate analog in destroying the vesicular gland 
oxygenase. 
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Fig. 19. Indomethacin inhibition 

Another inhibitor of prostaglandin formation is indomethacin [23]. Our studies 
show that this drug also blocks the vesicular gland oxygenase in a concentration-
dependent, time-dependent, nonreversible manner (Fig. 19). This inhibition 
proceeds anaerobically and is not prevented by diethyldithiocarbamate. Thus, the 
site of action appears to be different than that for the tetraynoic acid and other 

Fig. 18 

α-Napthol prevents action of 6 μΜ 

eicosatetraynoic acid. 
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substrate analogs. We have reported that o-phenanthroline does prevent the time-
dependent destruction by indomethacin [17], and the evidence suggests that a 
sensitive hydrophobic site may be an added regulatory feature of the prostaglandin 
biosynthetic system. 

Conclusion 

In conclusion, the overall mechanism for active vesicular gland oxygenase that has 
evolved from our studies is one that provides extensive regulatory features. The 
phenomenon of product activation means that as the reaction begins, it enters an 
explosive phase of increase as the product-binding site becomes filled. In addition, 
the requirement of hydroperoxide allows cellular enzymes such as glutathione 
peroxidase to suppress the reaction in the presence of high glutathione. The balance 
point between these two antagonistic systems could provide a sensitive switch on 
hormone production. In contrast to the positive-feedback aspect of product 
activation, the self-catalyzed destruction constant, k 2, insures a limited yield of 
hormone from a given catalytic protein. When the destruction is caused by a non-
precursor fatty acid, the loss of activity might be compared to an ultramicro-
cauterization of the active site. This process emphasizes the need for new protein 
synthesis if continued production of hormone is to be maintained. Such a re-
quirement leads in turn to an obligatory relationship between prostaglandins and 
those hormonal agents that stimulate transcription and production of the correct 
m-RNA. 
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Catecholamine Induced Increase in Prostaglandin Ε Biosynthesis 
in Homogenates of the Rat Stomach Fundus 
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University, Montreal 112, Canada 

Summary: Prostaglandin synthetase activity was demonstrated in homogenates of the rat 
stomach fundus by conversion of tritiated arachidonic acid into prostaglandin E 2 (PGE 2 ) 
and the isomeric 6 (9)-oxy-l l ,15-dihydroxyprosta-7, 13-dienoic acid [6 (9)-oxy PGF]. This 
activity was stimulated severalfold in a time, concentration, and temperature dependent fashion 
by norepinephrine. Very high concentrations of norepinephrine (10~

2
M) abolished the stimula-

tion in PGE synthesis observed with lower doses and resulted in the formation of labelled 
?GF2a- Epinephrine and dopamine were equally active in stimulating PGE synthesis, whereas 
related monohydroxy derivatives were less active. Desoxy derivatives were inactive. It appears 
from time course studies at two temperatures (37 °C, 25 °C) that norepinephrine and also other 
catecholamines act as protective agents, prolonging the PG synthetase in an active form. 

Problem 

To investigate in vitro the effects of certain neurotransmitter substances on prosta-
glandin synthesis and to elucidate by means of related compounds structural fea-
tures required for these effects. 

Materials and methods 

5,6,8,9,11,12,14,15-
3
H8-arachidonic acid (sp. act. 19.0 mCi^mole) was purchased 

from New England Nuclear and diluted to 80000 cpm^g with unlabelled free arachi-
donic acid (Mann, > 99 % purity). Prostaglandin TLC standards were generously 
supplied by Dr. / . E, Pike, The Upjohn Co., Kalamazoo, Michigan. Catecholamines 
and other amines were purchased from Sigma as the hydrochlorides. 
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