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CONVENTIONS AND NOMENCLATURE

In the text which follows, numbers appearing as a superscript,

followed by a single bracket thus^ denote references. In

drawings of chemical structures, stereochemistry is not implied

unless specifically indicated; a thickened or dotted bond denotes

a substituent located respectively above or below the plane of

the paper.

Whenever possible, trivial names of prostaglandins have been

used in the text. The systematic names of all prostaglandins

referred to in the thesis can be deduced from the examples given

below; the nomenclature for other prostaglandins is explained in

the General Introduction (Section 1.1)

Trivial Name

PGE-j (Prostaglandin E-|)

15-keto-PGE-j

13,14-dihydro-PGE-|

15-keto-l 3,14-dihydro-PGE-j

Systematic Name

lla,15(S)-Dihydroxy-9-ketoprost-

13trans-enoic acid

1la-Hydroxy-9,15-diketoprost-

13trans-enoic acid

lla,l5(S)-Dihydroxy-9-ketoprostano

acid

lla-Hydroxy-9,15-diketoprostanoic

acid

11-deoxy-PGE-j 15(S)-Hydroxy-9-ketoprost-

13trans-enoic acid
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Trivial Name Systematic Name

PGE2 11 a, 15(S)-Dihydroxy-9-ketoprosta-
5cis,13trans-dienoic acid

PGE^ lla,15(S)-Dihydroxy-9-ketoprosta-
5cis,13trans,17cis-trienoic acid

PGF-ja 9a, 1 la,15(S)-Trihydroxyprost-
13trans-enoic acid

PGF-j 9B,lla,15(S)-Trihydroxyprost-
13trans-enoic acid

PGF2a 9a,11a,15(S)-Trihydroxyprosta-
5cis,13trans-dienoic acid

ll-deoxy-PGF2a 9a,15(S)-Dihydroxyprosta-5cis ,13trans-
dienoic acid

11-deoxy-ll,12-dehydro-PGF2a 9a,15(S)-Dihydroxyprosta-5cis ,11,
13trans-trienoic acid

PGF^ 9a, 1 la,l 5(S)-Tri hydroxyprosta-
Sci^ ,13trans_,l7cTs-trienoic acid

PGA-j 15(S)-Hydroxy-9-ketoprosta-10,l 3trans-
dienoic acid

PGB-j 15(S)-Hydroxy-9-ketoprosta-8(12).,
13trans-dienoic acid

PGC-| 15(S)-Hydroxy-9-ketoprosta-ll,
13trans-dienoic acid



Systematic Name

9a,15(S)-Dihydroxy-n -ketoprost-

13trans-enoic acid

15(S)-Hydroperoxy-9al la-

peroxidoprost-13trans-enoic acid

15(S)-Hydroxy-9a,na-peroxidoprost-

13trans-enoic acid
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ABSTRACT

The work described in this thesis is concerned with the

preparative separation of prostaglandins by liquid-gel chromatography

(LGC) and their identification and estimation by combined gas

chromatography-mass spectrometry (GC-MS).

Reversed-phase and straight-phase LGC systems have been

evaluated using a wide variety of prostaglandins with slight

differences in structure. Examples of separations include keto-

and hydroxyprostaglandins, hydroxy epimers, double bond isomers,

prostaglandins of varying a- and co-chain length, and 13,14-dihydro,

1- and 2-series prostaglandins.

The metabolism of PGF0 in the male Wistar rat has been2a

investigated. Following the subcutaneous injection of [^B-^hJ-PGF^^,
urinary and faecal metabolites were separated by reversed-phase and

straight-phase LGC of their methyl esters and thin layer chromatography

of their methyl ester t-BDMS ethers. They were then analyzed by

GC-MS of their methyl ester t-BDMS ether, TMS ether and acetate

derivatives. Eight urinary metabolites were identified. The main

urinary metabolite, 5a,7a-dihydroxy-! 1-keto(tetranor, co-dinor)-

-prostane-1,14-dioic acid and also 5a,7a-dihydroxy-ll-ketotetranor-

prostane-1,16-dioic acid, (which is the major urinary metabolite in

man), were detected in faecal extracts, partly in the form of their

monoethyl esters.

An improved GC-MS method has been developed for the measurement

of the major urinary metabolite of PGF-j^ and PGF^ in man (viz; the
latter compound above). The assay is based on gas chromatography and



selected ion monitoring mass spectrometry, employing a specifically

deuterated analogue of the metabolite, labelled in the cyclopentane

ring, as internal standard. Measurements in the normal range of

5-40 ng/ml may be made with 21 precision from a 10 ml urine sample

while the lower limit of sensitivity is in the order of 1 ng/ml.
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1.1 GENERAL INTRODUCTION

1.1.1 PROSTAGLANDINS: THEIR BIOSYNTHESIS AND OCCURRENCE

The prostaglandins are a family of cyclopentane fatty acids.

They have been identified in virtually all animal species examined

and in most tissues within the individual organism. Many naturally-

occurring prostaglandins and chemically synthesized analogues possess

high biological potency and show a great diversity of pharmacological

effects.

The biosynthetic pathway (Fig. 1.1) proceeds by oxygenation

and cyclization of a C20 essential fatty acid (all-cis-8,11,14-
eicosatrienoic acid, all-cis-5,8,11,14-eicosatetraenoic acid, or

all-cis-5,8,11,14,17-eicosapentaenoic acid) via an unstable endo-

peroxide intermediate (prostaglandin G) to form prostaglandins of the
1 -41

E and F series. ' Prostaglandins E-j, E^, E^, F-^, F^ and F^
are the so-called primary prostaglandins; they all contain a 13,14

trans double bond and a 15(S) hydroxy group.

Recent studies on the transformations of arachidonic acid

(al1-cis-5,8,11,14-eicosatetraenoic acid) in human platelets have

resulted in identification of several non-prostaglandin derivatives
5 61

of the endoperoxide prostaglandin G^ (PGG2). ' ' It has also been
demonstrated that PGG^ itself and a derivative which has been called
thromboxane A^ are more potent than the primary prostaglandins in
certain tests of biological activity.PGG^ and thromboxane A^
have half-lives of 5 minutes and 30 seconds respectively in aqueous

solution at 37°C.

The coral Plexaura homomalla converts essential fatty acids

into a number of prostaglandins including 15(S)- and 15(R)-hydroxy
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8 9^PGA derivatives. ' ' Although the A series of prostaglandins have

been detected in extracts of mammalian tissue,recent

evidence strongly suggests that they are formed chemically from

PGE as artefacts of the extraction procedures.^"^ Prostaglandins

of the C and D series can be formed by in vitro enzyme preparations^'^
but they have not been detected in tissue extracts. The relationships

between prostaglandins A, B, C, D, E, F, G and H are shown in

Fig. 1.2.

The seminal plasma of man and monkey contains exceptionally

high levels of prostaglandins; 19-hydroxy-PGE^ and 19-hydroxy-PGE2
are present at total concentrations of up to 0.5 mg/ml However,

the prostaglandin content of most tissues and body fluids is in the
-10 -8

range 10 to 10 g per gram of tissue, although the capacity to

synthesize and release prostaglandins far exceeds the basal levels

detected (for reviews see references 18-20). It can be concluded

that prostaglandins are not stored and release can be equated with

de novo biosynthesis. The release of essential fatty acid from the

stores bound in phospholipids is probably the rate-limiting step
211

in prostaglandin biosynthesis. '

1.1.2 BIOLOGICAL SIGNIFICANCE OF PROSTAGLANDINS

Pharmacological studies have raised many possibilities for the

actions of endogenously synthesized prostaglandins, but in general

their physiological role has not been defined. It has been shown

that aspirin, indomethacin and other non-steroidal anti-inflammatory
22 231

drugs are inhibitors of prostaglandin synthetase, ' ' and it is

possible that this activity explains the mode of action of these
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drugs. This would imply that prostaglandins are responsible for

the fever, inflammation and acute pain which these drugs relieve,
24-271and there is now considerably evidence to support this hypothesis. '

Side effects of the aspirin-like drugs have also been linked with

the inhibition of prostaglandins synthesis; effects such as inhibition

of the second wave of platelet aggregation,^ relief or provocation
29 301

of bronchial asthma ' 'and relief of diarrhoea associated with

311
carcinoma of the thyroid ' are a few of the many examples in the

literature.

The fact that aspirin is safely consumed by millions of people

indicates that the prostaglandins are not essential for life. The

characteristics of prostaglandin release and activity suggest they

act as local hormones which modulate the actions of other agents

and stimuli. Studies on the metabolism of prostaglandins support

this hypothesis.

1.1.3 METABOLISM OF PROSTAGLANDINS

The primary prostaglandins have a half-life of less than 30

seconds in the bloodstream; the enzymes 15-hydroxyprostaglandin
13

dehydrogenase and prostaglandin A reductase catalyze their

conversion to the corresponding 15-keto-13, 14-dihydro analogues,

the main prostaglandin metabolites in blood (Fig. 1.3 ).32»33) in

general the 15-keto-13,14-dihydro metabolites possess considerably
34 351

less biological activity than the parent prostaglandin. ' ;
13

Although the 15-hydroxy dehydrogenase and A reductase enzymes

have been detected in most tissues (for example, see references 36,37),

the primary prostaglandins may be released into the bloodstream and

then metabolized in organs with the highest enzymatic activities
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such as the lungs, kidneys and spleen. Prostaglandins are not

metabolized in blood itself; however more than 90% of intravenously

infused PGE-j, or PGF£a is removed in one circulation through
the lungs.^ This mechanism effectively prevents released

primary prostaglandins from reaching the arterial circulation and

precludes the possibility of these prostaglandins being circulating

hormones.^
A small proportion of the original primary prostaglandin is

further metabolized by reduction of the 15-keto-13,14-dihydro

metabolite to the 13,14-dihydro-derivative (Fig. 1.3 )33,40)
significance of this pathway is uncertain because the 13,14-dihydro

compounds have comparable biological activity to the parent primary
34 351

prostaglandin. ' ' Although this might be of importance in sites

where the prostaglandins could be synthesized and metabolized

locally (for example, in the lungs), after entering the bloodstream

dilution alone would almost certainly prevent any noticeable

biological effects.

Further steps in the metabolic pathway proceed at a comparatively

slower rate. The 15-keto-13,14-dihydro and the 13,14-dihydro

metabolites are transformed by a series of g-oxidation and co-oxidation

reactions into a number of more polar derivatives which are excreted

in the urine and faeces. It has been shown that g-oxidation reactions
411

occur in the blood-perfused rat liver ' and in rat liver mito¬

chondria^ ^ and it is probable that the liver is a major site of

metabolic degradation in other animals. PGE and PGF metabolites,

differing in the degrees of g-oxidation and u-oxidation have been

identified in the urine of man,^'^'^-^ monkey,^ guinea-pig,^'^
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50} 51-53}
rabbit ' and rat„ ' The nomenclature of these compounds is

based on the structurally-corresponding prostanoic acid analogue

(Fig. 1.4); derivatives of 8-iso-prostanoic acid, dinor-prostanoic

acid, tetranor-prostanoic acid, tetranor-prostane-1,16-dioic acid

and tetranor (co-dinor)-prostane-l ,14-dioic acid have been identified

(Fig. 1.4). In man PGE^ and PGE^ are mainly converted into 7a-
hydroxy-5,ll-diketotetranor-prostane-l,16-dioic acid which is

excreted in urine (Fig. 1.5).^ PGF, and PGF„ are transformedv ' la 2a

in an analogous way into 5a,7a-dihydroxy-ll-ketotetranor-prostane-l,

16-dioic acid (Fig. 1.5).^ Excretion in urine is essentially

complete within 6 hours of intravenous administration of the

corresponding primary prostaglandin.

1.1.4 ANALYSIS OF PROSTAGLANDINS

In order to investigate the importance of prostaglandins in

physiological processes it is necessary to have methods available

for their analysis. Prostaglandins are present in most tissues in

very low concentrations, there may be several prostaglandins in any

one sample, and the different prostaglandins may be chemically very

similar and have complementary or opposing pharmacological effects.

It is vital therefore to have efficient and selective methods for

their purification, and sensitive and specific methods for their

qualitative and quantitative determination.

Early studies on the structural elucidation of prostaglandins

were accelerated considerably by new advances in analytical chemistry.

Pure crystalline PGE-| and PGF-j^ were originally isolated from sheep



vesicular gland with the aid of reversed-phase partition chroma-
54 55}

tography. ' ' The application of gas chromatography and mass

spectrometry to lipid chemistry, and the development of combined

gas chromatography-mass spectrometry (GC-MS) enabled Bergstrttm

and co-workers to characterize the structure of PGE,, PGF, and1 la

PGF1o within the space of a few years using only the milligram
• p

561
quantities of material isolated from biological sources. ' In

contrast, determination of the structures of the major steroids

was carried out by a large number of investigators and the work

was spread over several decades. In addition, much larger quantities

of material were required.^ Recent advances in the technique

of GC-MS permit the identification and estimation of nanogram

amounts of lipids.

Subsequent sections of this thesis are concerned with new

methods for the separation, identification and estimation of

prostaglandins and therefore the relevant areas in these fields will

be reviewed in more detail.
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1.2. CHROMATOGRAPHIC SEPARATION OF PROSTAGLANDINS

1.2.1 CHROMATOGRAPHIC TERMINOLOGY

The purpose of this subsection is not to define, for example,

thin layer chromatography and gas-liquid chromatography, but to

clarify the meaning of less familiar terms used in the subsequent

text.

The substance being chromatographed is the solute or the

sample and it emerges from the "column" (or other chromatographic

medium) as a peak. All chromatographic methods are based on

distribution of the solute between the moving phase and the

stationary phase.

Adsorption v Partition chromatography This is a division of

chromatographic techniques based on a fundamental difference in

the retention mechanism. Adsorption chromatography is based on

the retention of solute by surface adsorption, whereas partition

chromatography is based on the adsorption of solute by bulk

(meaning three dimensional) stationary phase usually held in place

by inert solid particles or matrix. In practice there is usually

an element of both mechanisms in most chromatographic techniques.

Straight-phase v Reversed-phase chromatography This division of

chromatographic techniques is based on the relative polarities of

the stationary phase and moving phase. In most methods the

stationary phase is the more polar and these are termed straight-

phase systems. In reversed-phase chromatography the stationary

phase is less polar than the moving phase.

Liquid-gel chromatography (LGC) refers to chromatography systems

where the stationary phase is a gel.. The gel has two components :
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a supporting macromolecular structure and a small molecular liquid.

These can be considered together as a single phase, with the former

being in a state of "incipient dissolution" and the latter organised

around the supporting matrix.

In liquid-gel filtration chromatography the solvent properties of

the moving phase and the gel phase are the same, and separation is

achieved by a molecular sieving effect; solute molecules which are

too large to enter the gel matrix travel along the column at the

same rate as the moving phase, whereas smaller molecules can enter

the gel particles and are thus retarded.

In liquid-gel partition chromatography the moving phase, and the gel

phase as a whole, differ as solvents. The predominant separation

mechanism is one of liquid-liquid partition between the moving phase

and the gel phase.

Resolution This is a measure of the degree of separation of solute

zones, mathematically expressed as:

Resolution, Rs = Az/4a

where Az is the gap between the centres of gravity of neighbouring

solute zones and a is the mean quarter width (or standard deviation)

of the zones.^ Following elution of the solutes from the column,

the parameters Az and a become AT and x respectively, and thus Rs

= AT/4x (see Fig. 1.6). When Rs = 0.8, 1.0 and 1.5 the degree

of cross-contamination between two zones is about 5.5, 2.3 and 0.1%

respectively.

Selectivity The achievement of separation in any form of chromato¬

graphy depends on solutes having different affinities for the

stationary phase. (A difference in affinity leads to a difference in
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•ig- 1.6: Separation of four hypothetical compounds, A,B,C and D
on two columns which exhibit the same selectivity but
different chromatographic efficiences
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migration rate through the column and eventually the solutes are

separated). The selectivity of a chromatographic system is the

degree of difference in affinity which exists for any chosen

solutes on a particular column. In Fig. 1.6 the two columns,

compared to one another, have shown the same selectivity for the

four compounds, A, B, C and D, and both show a greater selectivity

between compounds A and B compared to C and D. A high selectivity

is advantageous because a rapid separation can be performed on a

short column. Separation factor is a measure of selectivity. It

is the relative elution volume of two solutes with the ratio

expressed as greater than unity (see Fig. 1.6).

Chromatographic efficiency This is a property of a chromatographic

column reflected by the width of chromatographic peaks. In Fig. 1.6

the separation of compounds A, B, C and D is superior on column 1

compared to column 2 (below) owing to superior chromatographic

efficiency. The concept can be quantified as the Number of

theoretical plates, N, or for direct comparison of different length

columns as H, the Height Equivalent to a Theoretical Plate (HETP).

(A theoretical plate is a fictitious separation unit taking its

name from the "plates" in a fractional distillation column).

H = N/L

where T is the retention time (or retention volume or distance along

a recording chart), 2x is the half-width of the peak in the same

tion of chemically similar compounds will be achieved by a combination

of good selectivity and high chromatographic efficiency.

N

581
units, and L is the length of the chromatographic column. ' Separa-
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1.2.2 PRINCIPLES OF CHROMATOGRAPHY: THE ACHIEVEMENT OF SEPARATION

(i) Resolution and zone broadening The chromatographic efficiency

of a column is rated by H, the height equivalent to a theoretical

plate. H is defined as

H . 2!
L

where (as above) a is the quarter width of a chromatographic zone

and L is the distance travelled along the column.^
.*. a = y[HL

i.e. the zone width increases with the square root of L. The gap

between two neighbouring zones (Az) will increase linearly with L

and since resolution (Rs) is defined as

Rs = Az/4a

it follows that separation will increase with the distance travelled

along the column.

(ii) Resolution and the degree of retention Each solute will move

along the column at a fraction R of the moving phase velocity. Thus

R varies between 1.0 (the moving phase velocity) and zero (complete

retention, zero velocity). The fraction R is not only equal to the

relative velocity of the solute zone to the moving phase velocity,

it is also equal to the fraction of time the solute spends in the

moving phase and to the fraction of solute in the moving phase at

a given time.

If, moving phase velocity = v

then, solute zone velocity = Rv

The distance travelled by a solute zone is simply the product of

its velocity Rv and the time taken,t

L = Rvt (1) .
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The distance L is different for each solute zone because R is a

unique characteristic of each solute. The gap between two

neighbouring zones can be expressed as

Az = vt (R^ - R-|) = vt AR (2)
Since the two zones are very close together, their L and R values

are nearly identical and average values can be used. From

equation (1), vt = L/R,and this can be substituted into equation

(2) to give

Az = L. AR/R (3)

Equation (3) can be used for the numerator in the resolution

expression Rs = Az/4a and (from the definition of the plate height

H) the expression a = LH can be used for the denominator to

give

V3T . m
16H R

n AR
i.e. Rs a —

R

This means that for any given difference in R value (AR) between

two solutes, the smaller their mean R value, the greater will be

their resolution on travelling distance L. It can also be shown

that Rs a (1 - R) which is another way of expressing the same

concept.^

This relationship between Rs and R is of fundamental importance

in the design of the optimum chromatographic method to achieve

separation because the parameter R can easily be decreased e.g. in
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gas chromatography by lowering column temperature, in liquid

chromatography by changing the polarity of the eluting solvent.

1.2.3 CHROMATOGRAPHIC TECHNIQUES

The choice of the most suitable chromatographic method for

a particular separation problem will depend on the compounds to

be separated, their stability, the mass of sample, the number of

samples, whether recovery is required, whether appropriate detection

systems are available and the time taken.

Chromatographic methods can be broadly categorized as either

analytical or preparative. Gas-liquid chromatography is the most

widely used analytical technique. Preparative methods which have

been employed in the prostaglandin field include paper chromatography,

thin layer chromatography, silicic acid chromatography, ion-exchange

chromatography, reversed-phase partition chromatography and liquid-

gel chromatography (for reviews,see references 18, 59, 60).

Of all the preparative methods, reversed-phase partition

chromatography has been found to show the highest selectivity between

different prostaglandins and consequently has been regarded as the

best method for difficult separation problems.

1.2.4 REVERSED-PHASE PARTITION CHROMATOGRAPHY (RPPC)

Lipids of low to medium polarity are most soluble in non-polar

solvents and therefore the greatest retention and hence separation

(see subsection 1,2.2) can be obtained with a reversed-phase

chromatographic system. The classical method of RPPC (as used in

the prostaglandin field) was originally developed by Howard and

Martin for the separation of long chain fatty acids,^ and later
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adapted by Norman and Sjttvall for the separation of bile acids and

steroids.^ ^ The chromatography is performed on columns of

hydrophobic celite (Hyflo Supercel). The inert chromatographic

support particles of Hyflo Supercel are coated with a thin film

of a non-polar solvent (usually chloroform) forming the stationary

phase, and the column is eluted with a polar moving phase solvent

(usually a water/methanol mixture). The two liquid phases are

immiscible with one another and are saturated and equilibrated

together prior to preparing the column. Components in the sample

partition to different degrees between the two liquid phases and

are eluted in order of decreasing polarity.

From about 1960 onwards the technique has been extensively

applied by Swedish workers to the separation of prostaglandins.

The high selectivity of RPPC has been demonstrated in the course of

their studies on the biosynthesis and metabolism of prostaglandins

(for example, see references, 2,10,32,33,40,42-45,48-52,56). Most

prostaglandins with differences in the number or position of double

bonds, different carbon chain lengths, or different keto/hydroxy

substitutions can be separated.

In practice the method itself has some limitations and these

are given below:

(i) the columns are difficult to prepare and generally the

technique is difficult to master

(ii) each column can only be used once

(iii) since the method demands that a biphasic solvent system remains

equilibrated, the temperature of the column must be stringently

controlled.
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(iv) because the packing of the column has to be carried out quickly

and because the stationary phase will often have been

significantly washed off the support before the chromatographic

run is complete, good chromatographic efficiency (HETP = 1 mm)-

is very difficult to achieve. Very good chromatographic

efficiency (HETP < 0.5 mm) is virtually impossible to achieve.

These difficulties can all be avoided by using liquid-gel

chromatography.

1.2.5 LIQUID-GEL CHROMATOGRAPHY (LGC)

Dry gel material has an affinity for a compatible solvent which

leads it to swell when soaked in the solvent. Furthermore, when

lipophilic gel material is placed in a miscible solvent mixture it

will incorporate selectively the most compatible solvent components

and produce a gel phase which, as a whole, differs in polarity from

the liquid outside the gel particles. On such a chromatographic

system either straight-phase or reversed-phase separations will be

achieved by a liquid-gel partition mechanism. It should be noted

that the gel phase and solvent mixture will be in stable equilibrium.

In contrast, classical RPPC is a system in unstable equilibrium;

there is always the possibility of phase splitting and, consequently,

breakdown of the chromatographic structure. LGC systems have an

inherent stability and therefore possess a potential superiority over

the classical method.

Strictly speaking the technique of LGC includes the use of

structural supports such as silica gel and paper. These materials will

aggregate around themselves the polar constituents of a miscible



organic/aqueous solvent mixture and will thus form a bulk stationary

phase; lipids and similar substances will be separated by a liquid-
65 66)

gel partition mechanism. ' ' However, the work to be described

in later sections of this thesis is concerned with the use of

derivatives of Sephadex, which is probably the most commonly used

material specifically designed for LGC.

Sephadex consists of a dextran which has been cross-linked at

intervals to form a three-dimensional network. It is manufactured

as beads (diameter 10-100 y) which will swell in water to form a

gel phase of polysaccharide chains immersed in water molecules. The

degree of cross-linking between the polymer chains can be regulated

to give known pore sizes in the swollen gel matrix and thus Sephadex

is ideally suited for the separation of proteins and other macro-

molecules by gel filtration. Liquid-gel partition chromatography

cannot be performed with regular Sephadex because the hydroxyl groups

of the glucose residues make the material too polar to have sufficient

affinity for organic solvents. To prepare derivatives of Sephadex

which will swell in organic solvents, the hydroxyl groups are

substituted with hydrocarbon residues. This procedure yields lipo¬

philic Sephadex derivatives whose polarity is determined both by the

nature of the hydrocarbon residue and the degree of substitution.

These derivatives are an extremely inert form of chromatographic

support. This is a major advantage when small quantities of labile

compounds have to be purified.

Flodin^ described the preparation of 3-hydroxypropyl Sephadex

(Reaction A, Fig. 1.7), which is now commercially available as

Sephadex LH-20 (L = lipophilic, H = hydrophi1ic). This derivative

will swell in water, polar organic solvents such as methanol, ethanol

and pyridine and also chloroform, dichloromethane and dichlorethane.



REACTION A: Synthesis of Sephadex LH-20

sephadexf-oh

0
/ \

ch9ch-ch3

oh

sephadex]-o-ch2ch-ch3
(3 - Hydroxypropyl Sephadex

( Sephadex LH-20 )

REACTION B: Synthesis of hydroxyalkyl Sephadex derivatives ( Lipidex )

oh 0
1 ' / \

sephadex j-0-ch?ch-ch9 + ch2ch-r -

oh

o-choch—r
1 1

- _sephadexjlo-ch2ch-ch3
Hydroxyalkoxypropyl Sephadex

( Lipidex)

{ r= (ch2)nch3)

Fig. 1.7: Synthesis of lipophilic Sephadex gels.
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It has little or no affinity for less polar solvents such as benzene,

heptane and hexane. Sjttvall and co-workers have made extensive studies

on the properties of various lipophilic/hydrophilie Sephadex derivatives

and their application to the separation of steroids and other lipids,

(for review, see reference 68).

When Sephadex LH-20 is swollen in a chloroform/heptane mixture,

a straight-phase chromatography system is formed. The free hydroxyl

groups and also the preferential uptake of chloroform make the gel

phase more polar than the solvent. Lipids will be separated by a liquid-

gel partition mechanism. Reversed-phase systems are formed when very

polar solvents are employed.

In many cases it is desirable to decrease the polarity of an

eluting solvent in order to enhance the (straight-phase) separation.

However, gels such as Sephadex LH-20 have moderately polar properties

and in non-polar solvents adsorption effects give rise to broad,

tailing peaks.The gel polarity is also unfavourable for reversed-

phase chromatography because the non-polar stationary phase is formed

only in very polar solvents. Lipophilic/hydrophobic gels provide a

more flexible range of applications.

The hydroxyalkyl substitution of Sephadex LH-20 (Reaction B,

Fig. 1.7)^ yields hydrophobic gels which swell in organic solvents

of medium to low polarity (chloroform, benzene, hexane). Table 1.1

compares the swelling of a highly substituted Sephadex LH-20 derivative

(N1114 - 56% - LH-20) with that of Sephadex LH-20 itself. It should

be noted that the former gel shows increased swelling in progressively

less polar solvents while the opposite effect is seen with Sephadex

LH-20. Chloroform and dichloroethane swell both gels. N1114 - 55% -

LH-20 contains 55% (w/w) of C^-C^ hydrocarbon chains; derivatives
with less substitution or shorter alkyl chains will have swelling



TABLE 1.1

Bed volumes of Sephadex LH-20
and NT 114-55%-LH-20

Solvent
Bed volume ml/5
Sephadex LH-20

N1114-55%-LH-20t

Methanol 4.1 2.2

Ethanol 3.8 2.2

1-Butanol 3.7 2.9

Dichloroethane 4.0 2.9

Chloroform 4.0 3.9

Benzene 1.8 3.5

Hexane 1.5 2.9

*

Values from Pharmacia Fine Chemicals literature
on Sephadex LH-20.

Values from reference 70.



properties more similar to those of Sephadex LH-20. Derivatives

equivalent to Sephadex LH-20 substituted with 11% (w/w) and 55% (w/w)

of C-j^ hydroxyalkyl chains are now commercially available as Lipidex
1000 and Lipidex 5000 respectively.

A reversed-phase system is readily obtained when a Lipidex-type

gel is used with polar solvent systems. The non-polar stationary

phase is formed partly by preferential uptake of the less polar

solvents and also by the influence of the non-polar structures in

the gel matrix. This latter point is evident from the increased

retardation of cholesterol in methanol which accompanies increased

hydroxyalkyl substitution of Sephadex LH-20?^ For straight-phase

separations the lipophilic/hydrophobic gels can be used with any

non-polar solvent system, including pure heptane.

Ellingboe, Nystrbm and Sjbvall demonstrated that very selective

straight and reversed-phase LGC systems can be designed using

hydroxyalkyl-substituted derivatives of Sephadex LH-20. Examples

were given of the separation of waxes, fatty acids, glycerides,

glycerol ethers, sterols, bile acids and hormonal steroids.^
Sections 3, 4 and 5 of this thesis are concerned with the

development and application of LGC to the separation of prostaglandins

The methodology used in the reversed-phase work is based on results

which were published by Nystrtim and Sjttvall^ shortly after the

present investigation was begun. These new developments are

considered in detail in Section 3.



TABLE 1.II

Ultraviolet absorption data

Prostaglandin
.EtOH , .

max
e

Source of data
(Reference number)

pga-j 217 11,650 73

pga2 217 9,900 73

PGB-j ,PGB2 278 28,600 104

PGC-j ,PGC2 234 21,000 16

19-hydroxy-PGA^ 217 11,000 10

19-hydroxy-PGA2 217 10,000 10

19-hydroxy-PGB-j 278 21,000 10

19-hydroxy-PGB2 278 20,000 10

15-keto-PGE-| 230 8,450 72

15-keto-PGE-j* 500* 36

15-keto-PGF-,
la

233 10,950 73

13,14-dihydro-PGB1 237 14,200 56

11-deoxy-ll,12-dehydro-PGF2a
15(S)— 239 15,500 100

15(R)- 239 17,300

t •»

100

Transient chromophore on treatment with mild alkali
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1.3 IDENTIFICATION AND ESTIMATION OF PROSTAGLANDINS

I-3-1 SENSITIVITY AND SPECIFICITY OF ANALYTICAL METHODS

The major problems associated with the qualitative and

quantitative determination of naturally occurring prostaglandins

are concerned with the sensitivity and specificity of the analytical

techniques. It is common practice to use solvent extraction

procedures and chromatographic purification to improve specificity

and, by concentration of the sample, to increase sensitivity. Often

the chromatographic mobility of compounds provides part of the

evidence of their identity.

Infra-red and NMR spectroscopy have been employed for the
43-46 56 72)

structural elucidation of prostaglandins. ' ' ' However

milligram quantities are required for the analyses and therefore

these techniques are completely unsuitable for the identification

of prostaglandins from small samples of tissue.

Ultraviolet spectroscopy can detect microgram quantities of

certain prostaglandins (Table 1.11) but again this is too insensitive

for most analyses. The method has been successfully applied to

the estimation of PGE, PGA and PGB levels in human seminal plasma.74 7^
11 o
Anggard and co-workers have developed an enzymatic assay which

is specific for 15-hydroxylated prostaglandins.77^ Quantification is

based on the UV detection of NADH which is generated when the

substrate is oxidized by NAD+-dependent 15-hydroxyprostaglandin
dehydrogenase. The method has seldom been adopted owing to difficulties

in preparing the enzyme and the limited number of measurable

prostaglandins.

Biological assay methods have been used extensively for the

estimation of prostaglandins. The advantages are good sensitivity



(low nanogram levels) together with specificity for biologically

active compounds. The specificity can be enhanced by prior chroma¬

tographic purification, by the use of pharmacological antagonists

of non-prostaglandin biologically active compounds and by assaying

the sample on more than one tissue preparation (parallel bioassay)J
The obvious disadvantage of bioassay is that inactive prostaglandins

cannot be estimated.

Radioimmunoassay (RIA) has extremely good specificity and is

capable of measuring prostaglandins in the nanogram and picogram

range. Often samples can be assayed without extraction from urine

or plasma.^ ^ The method can be applied to any prostaglandin

provided that 50 mg of pure compound is available for the initial

raising of the antibody. The latter point remains a limitation for

certain metabolites. Cross-reactivity may be a problem with

structurally similar prostaglandins (e.g. PGF^ and PGF2a) but can
usually be eliminated by prior chromatographic purification. With

each individual sample, however, the analyst is working completely

"blind" and it is well to remember the dictum "if radioactivity is

introduced at the beginning of an experiment and measured at the end

then a result will always be obtained." In other words the

specificity of an RIA method must be thoroughly confirmed by cross-

reactivity, accuracy and precision tests because if there should be

inference in any individual sample then there will be no visible

evidence of the fact. In contrast, when quantitative estimations

are performed by combined gas chromatography-mass spectrometry, the

analyst can observe a characteristically shaped ion current response

and scrutinize each individual sample for interfering substances.

GC-MS techniques are described in the following review.
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1.3.2 GAS-LIQUID CHROMATOGRAPHY (GLC) AND GAS CHROMATOGRAPHY-MASS

SPECTROMETRY (GC-MS)

In most cases it is necessary to derivatize polar groups in the

prostaglandin molecule in order to achieve stability and a good

peak, shape on GLC. The carboxylic acid group is rendered less polar

by conversion to an ester, most commonly the methyl ester. A

number of derivatives have been employed to protect hydroxy groups.

These include the trimethylsilyl (TMS) ether,8^ acetate,^ butyl

boronate8^ and the tertiary-butyl dimethyl si lyl (t-BDMS) ether. 88^
A free ketone in the co-side chain or in the PGA and PGB cyclopentane

ring need not be derivatized. However the 1,3-ketol moiety of the

E series prostaglandins is particularly labile and must be stabilized

by conversion of the ketone to an oxime and derivatization of the

hydroxyI.84'85)
In conventional gas chromatography the column effluent is

monitored by flame ionization detection (FID)88^ or electron capture

(EC)?^ GLC with simultaneous registration of mass and radioactivity
32 331

can be extremely useful in metabolism studies. 5 ' The limit of

detection using FID and EC is about 20 ng and 100 pi cog respectively;

however in most biological samples there is a large excess of non-

prostaglandin components and their presence precludes the use of

GLC as an analytical tool. This problem of insufficient specificity

is overcome by employing a mass spectrometer as a GLC detector.

In a mass spectrometer a volatized compound is subjected to

ionization and fragmentation. The individual ions are resolved in

the analytical section of the instrument and recorded as a mass to

charge ratio (m/e value; predominantly charge, e = 1). A mass

spectrum may be likened to a fingerprint, as it is characteristic of
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the original molecule.

Mass spectrometers operate under high vacuum whereas there is

a positive pressure of carrier gas in a gas chromatograph, and

consequently a "separator" (pressure reduction unit) is required

as an interface. The two instruments are otherwise highly compatible

in terms of quantities of material analyzed, response time and the

requirement for sample volatility. Compounds can be identified

by comparison of their GLC retention times and mass spectra

with reference compounds. The structure of new metabolites can

be determined from the mass spectra of different derivatives and

their degradation products; references 43, 44 and 45 provide

excellent examples of this application.

Quantitative GC-MS is performed by selected ion monitoring
* 881

(SIM), also called multiple ion detection (MID). ' The mass

spectrometer is set to monitor an ion or ions of high relative

abundance in the mass spectrum of the compound to be assayed. This

ensures that the method has high specificity. Throughout a GLC run

the selected ions are focussed alternately on the detector and their

intensities are recorded separately as ion chromatograms. Individual

compounds are measured over the time of elution of a GLC peak, (as

distinct from a few milliseconds per ion when a mass spectrum is

recorded), and therefore very high sensitivity is obtained. Response

to the sample is measured relative to an internal standard. An

analogue of the compound may be employed,^ but the ideal reference

is the compound itself synthesized with a stable isotopic label such

as deuterium (stable isotope dilution).88,90) The labelled derivative

is added to the sample at the earliest possible stage in the separation

"k

The term 'selected ion monitoring1 is used throughout the thesis.
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sequence - usually before the first extraction step in the assay.

It may then correct for losses throughout extraction and derivatization

and may also act as a "carrier" in minimizing adsorptive loss of

the sample in gas chromatography. Since sample and reference are

chemically identical, they are not distinguished until final

detection by the mass spectrometer. The instrument is set to record

the ion intensities at the corresponding m/e values of the labelled

and unlabelled compound.

There is no doubt that stable isotope dilution employed with

GC-MS/SIM analysis is the most specific analytical method for the

estimation of small quantities of lipids present in complex biological

mixtures. Methods have been reported for many prostaglandins,
88 90)

including the E and F primary prostaglandins ' ' and their main
901 91 921

metabolites in blood ' and urine. ' '

The development of a new method, which can be used to monitor

the biosynthesis of PGF-j^ and PGF^ in man, is described in Section
6 of this thesis. The assay is specific for 5a, 7a-dihydroxy-!1-

ketotetranor-prostane-1,16-dioic acid, the major urinary metabolite

of PGF. and PGF0 in man. The evidence that urinary metabolitela 2a

levels can be taken to reflect biosynthesis of the primary prostaglandins

is outlined in the subsection below.

1.3.3 THE MONITORING OF PROSTAGLANDIN BIOSYNTHESIS IN MAN

There has been a great deal of speculation on the physiological

role of prostaglandins and in order to confirm or reject the various

hypotheses it is necessary to monitor in vivo biosynthesis. Blood

or urinary measurements offer the widest range of applications.
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Samuelsson has presented a convincing argument that the measured

levels of the primary prostaglandins in peripheral venous plasma

are not related to the endogenous biosynthesis in tissues and organs

when blood samples are collected, the true levels are obscured by

de novo biosynthesis in platelets and white cells. Samuelsson

concluded that the 15-keto-l3,14-dihydro derivative represents the

compound of choice for the monitoring of prostaglandin biosynthesis

by analysis in peripheral plasma. This metabolite is formed from

the corresponding primary prostaglandin in many tissues, but not in

blood.

The half-life of 15-keto-l3,14-dihydro metabolites in the
32 941

circulation is less than 10 minutes ' ' and rapid changes in

prostaglandin biosynthesis can be followed by measurement of the

metabolite levels in peripheral plasma. However, the short half-

life creates a distinct problem, namely that frequent blood sampling

is required in order to detect short bursts of biosynthesis. This

difficulty can be circumvented by measurement of the major urinary

metabolites of the primary prostaglandins. These derivatives are

32 431
excreted over the course of several hours ' ' and their quantitative

analysis provides an estimation of prostaglandin turnover. For

example, measurement of 7a-hydroxy-5,ll-diketotetranor-prostane-l ,16-

dioic acid has been used to demonstrate an increased production of

PGE in certain types of hypercalcaemia associated with cancer.^ The

administration of aspirin or indomethacin to the subjects with high

metabolite levels led to a marked reduction in serum calcium concentra¬

tion and prostaglandin metabolite excretion.^ Using the guinea

pig, it has been confirmed that doses of indomethacin which inhibit

endogenous metabolite output have no effect on the bioconversion of
961

tritium-labelled PGE£ into labelled urinary metabolite. ' In other



words, indomethacin inhibits the biosynthesis and not the metabolism

of prostaglandins.

It can be concluded from the available evidence that both blood

and urinary metabolite analyses are a valid means of monitoring

prostaglandin biosynthesis. The levels of the major metabolites of

PGF^a in blood (15-keto-13,14-dihydro-PGF2a) and urine (5a,7a-dihydroxy-
11-ketotetranor-prostane-l,16-dioic acid) have been shown to rise

after injection or infusion of PGF2 and to fall in a parallel
manner when non-steroidal antiinflammatory drugs are administered.^
Furthermore blood^ and urinary metabolite^ measurements have been

used to demonstrate an increased PGF2a biosynthesis in subjects with
bronchial asthma who are challenged with allergen.

The development of an assay for the major urinary metabolite of

PGF, and PGF0 is described in Section 6. The decision to adoptla 2a

a method for measurement of urinary metabolite was strongly influenced

by analytical considerations; the normal level of 15-keto-l3,14-dihydro-

PGF2a in peripheral plasma is about 50 picog/ml, whereas 5a,7a-dihydroxy-
11-ketotetranor-prostane-l,16-dioic acid is present in 100-1000 fold

higher concentration in urine.



SECTION 2

MATERIALS AND EXPERIMENTAL METHODS
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2.1 MATERIALS

2.1.1 REFERENCE PROSTAGLANDINS

Prostaglandins A], A2, B], B2, E], E2, 15(R)E2, F^, F2a,
and 15-keto F2a were obtained from Dr J E Pike of the Upjohn Co.,
Kalamazoo, Michigan, U.S.A.

(+_) 15(S) — and (+)15(R)-11-deoxy-ll ,12-dehydro-PGF2 and (+)15(S)-
and (+)15(R)-10a-hydroxy-ll-deoxy-ll,12-dehydro-PGF2a were supplied

a

by Dr P Crabbe of Syntex S.A., Mexico.

io-homo PGB-| was prepared by alkaline treatment of the corresponding
prostaglandin E, which was supplied by Dr D A van Dorp of Unilever

Research Laboratories, Vlaardingen, The Netherlands.

w-dihomo-PGF0 , w-trihomo-PGF0 , a-nor-PGF0 and w-dihomo-PGE02a 2a 2a 2

were supplied by Dr N S Cross ley of the Pharmaceuticals Division,

ICI Ltd., Macclesfield, England.

The following prostaglandins were prepared by Dr R L Jones:

15(R)PGA2 was isolated from a crude extract of the coral, Plexaura
homomal 1 a00^. 15-keto PGB2 was prepared by treatment of PGB2 with
2,3-dichloro-5,6-dicyano-p-benzo-quinone (DDQ) in dioxane at 55°

991
for 2 h. PGC2 was prepared from PGA2 using rabbit plasma PGA isomerase. '
Sodium borohydride reduction of PGA2, 15(R)PGA2 and 15(R)PGE2 yielded
the 15(S)-ll-deoxy-PGF2ct and PGF^ epimers, the 15(R)-1 l-deoxy-PGF2a
and PGF2e epimers and the 15(R)PGF2a and PGFg epimers respectively.100^
Catalytic hydrogenation (Pd on charcoal/ H2 gas)100) of PGA^ and PGF2a

yielded ll-deoxy-13,14-dihydro-PGE-| plus 11-deoxy-PGE-j and 13,14-
dihydro-PGFla plus 13,14-dihydro-PGF2a respectively.

[5,6-3h]-PGA1 (50 Ci/mmole), [5 ,6-3h]-PGE] (50 Ci/mmole), [5,6,8,
11,12,14,15,-3h]-PGE2 (140 Ci/mmole), [5,6-3H]-PGFla (50 Ci/mmole),
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and [93_3H]~?GFr2a Ci/mmole) were purchased from NEN Chemicals
GmbH, Dreiechenhain, West Germany.

^5,6,8,11,12,14,15-^hJ-PGE^ (150 Ci/mmole, The Radiochemical
Centre, Amersham, England) was treated with 0.1M KOH in methanol

to yield |^5,6,11,14,15-^hJ-PGB^ and with sodium borohydride to yield
|^5,6,8,11,12,14,1 5-^hJ"PGF^^ and PGf^p* These reactions were
performed by Dr R L Jones.

Three mi Hi curies of were prepared by reduction

of PGE2 (6 mg) with 1 mg of ^H-labelled NaBH^ (8.4 Ci/mmole, The
Radiochemical Centre, Amersham, England) followed by addition of

excess (unlabelled) NaBH^. The procedure described by Granstrtim
and Samuelsson^ was used, except that the reaction was performed

in ethanol in place of methanol because the former solvent reacts

more slowly with NaBH^J^' The PGF£ isomers were separated by
reversed-phase LGC as described in Section 3, and the specific

activity of the [~9g-^H "P^a (^53 mCi/mmole) was determined by
liquid scintillation counting and quantitative GLC.

2.1.2 LIPOPHILIC GELS

Sephadex LH-20 was purchased from Pharmacia Fine Chemicals,

Uppsala, Sweden. Samples with narrow particle size distribution were

prepared from the commercial material using the continuous flow

differential sedimentation method of Hamilton.This procedure

yielded three fractions, with bead sizes (when swollen in water) of'

23-35 pm, 35-45 pm and 45-50 pm. The 25-35 pm batch was used in

the preparation of N1518-62%-LH-20.

N1114-56°o-LH-20 was prepared from Sephadex LH-20 by the method

of Ellingboe, Nystrdm and Sjtivall'7^ using 3.5 ml of Nedox 1114 olefin
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oxide (Ashland Chemical Co., Columbus, Ohio, U.S.A.) per gram of

Sephadex LH-20. This derivative contains 56% (w/w) of C-j-|-C^
hydroxyalkyl chains. N1518-62%-LH-20 and phenylhydroxyethyl-31%

(w/w)-LH-20 were prepared by the same method using 4.0 ml of Nedox

1518 and 1.0 ml of phenyl ethylene oxide, respectively, per gram

of Sephadex LH-20.

Lipidex 1000 and Lipidex 5000 were gifts from Dr V Tarkkanen

of Becker Delft N.V., Groningen, The Netherlands. A sample of

Lipidex 1000, synthesized from Sephadex LH-20 of 120-180 mesh ( a

large particle fraction), was also provided.

2.1.3 SOLVENTS AND CHEMICALS

Solvents and inorganic chemicals were analar grade. Ethyl acetate,

dichloroethane and chloroform were redistilled. Ethanol (1.0%) was

added to redistilled chloroform for stabilization. Pyridine was

dried over K0H pellets.

The suppliers of reagents used for derivatization, and chromato¬

graphic materials etc. are given in the appropriate text.

2.2 EXTRACTION OF PROSTAGLANDINS FROM AQUEOUS SOLUTION

2.2.1 SOLVENT EXTRACTION

All C£q prostaglandins were extracted from acidified solution
at pH 4.5 with 2 volumes of ethyl acetate, diethyl ether or chloroform.

The organic phase was washed once with distilled water (1/10 volume)

to remove traces of salts and acid, then taken to dryness on a rotary

evaporator at 45°. This procedure gave greater than 90% recovery.
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2.2.2 AMBERLITE XAD-2 EXTRACTION

The C-J4 and C^g metabolites of have unfavourable partition
coefficients into ethyl acetate and solvents of similar polarity and

therefore urine samples containing these compounds are extracted

using columns of Amber!ite XAD-2 (B.D.H. Chemicals Ltd., Poole,

Engl and). 10°) One hundred grams of XAD-2 were washed thoroughly in

methanol, acetone and distilled water. Fine particles and colloidal

material were decanted during this procedure. The XAD-2 was then

suspended in distilled water and the column was packed by sedimentation

to a final size of about 3 x 30 cm. A urine sample of 50-500 ml was

acidified to pH 3 with 2N HC1 and was percolated through the column.

The column was washed successively with distilled water (200-500 ml),

heptane (100 ml) and then the prostaglandins were eluted with

methanol (100-300 ml). The latter eluate was taken to dryness on

a rotary evaporator at 45°. This procedure gave quantitative

recoveries. Columns of 2 g XAD-2 (5 x 1 cm) were employed for

samples of less than 20 ml and recoveries of about 80% were obtained.

2.3 ULTRAVIOLET SPECTROSCOPY

UV spectra were recorded with a Pye Unicam SP800 Spectrophoto¬

meter in a 3 ml cell (path length 1 cm).

PGB-j and PGB^ were assayed by UV 278 nM, e = 28,600;
10 yg/ml = 0.86 absorbance). °4) PGA-j, PGA^, PGE-j and PGE^ were
treated with 0.1M methanolic K0H for 45 minutes and assayed in

terms of PGB (10 yg/ml = 0.81 absorbance at 278 nm after conversion

to PGB).104)

v
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2.4 MEASUREMENT OF RADIOACTIVITY

Radioactive compounds were tritium-labelled. A Nuclear Chicago

or a Packard Tri-Carb Scintillation Spectrometer was used for the

assay of radioactivity. Solvents with strong quenching properties

(chloroform, dichlorethane, acetone) were evaporated in the counting

vials before scintillation fluid was added. The scintillation fluid

consisted of 7 g of PPO and 600 mg of dimethyl-P0P0P (B.D.H. Chemicals

Ltd.), 300 ml of ethoxyethanol and 75 g of naphthalene in 1L of

toluene,or Instagel (Packard Instrument International S.A., Zlirich,

Switzerland). Samples with the same quenching properties, chromato¬

graphic fractions for example, were compared as CPM. In other cases

the sample channels-ratio, external standard channels-ratio or

internal standard methods of quench correction were employed.

2.5 PREPARATION OF DERIVATIVES

Methyl esters were formed by treatment of a methanolic solution

of the acid with excess ethereal diazomethane. After 10 minutes at

room temperature, the solvent was evaporated under nitrogen. (The

diazomethane was prepared by reaction of ethereal N-methyl-N-nitroso

toluene-4-sulfonamide (Sigma Chemical Co., St. Louis, Mo. U.S.A)

with alcoholic potassium hydroxide, and transferred into fresh

diethyl ether with the aid of a stream of nitrogen). A new

esterification procedure^) was adopted for the methylation of 5a,

7a-dihydroxy-11-ketotetranor-prostane-l,16-dioic acid and its 6-lactone

derivative (see Section 6 for details).

Oxime and 0-methyloxime (methoxime, M0) derivatives were prepared

by treatment of the methyl ester of the compound with hydroxy!amine



hydrochloride and methoxylamine hydrochloride (Eastman-Kodak Co.,

Rochester, N.Y., U.S.A.), respectively in pyridine.^>85) About

30 yg of the methyl ester were dissolved in 25 yl of pyridine

•containing the appropriate amine hydrochloride (10 mg/ml), and

reaction was allowed to proceed overnight at room temperature. The

oximated derivatives were isolated by evaporation of the pyridine

and extraction with ethyl acetate.

TMS ethers were prepared by dissolving the methyl ester in

bis (trimethyl silyl) acetamide (BSA) or bis (trimethylsilyl) tri-

fluoroacetamide (BSTFA). Twenty-five microlitres of reagent was

used for up to 50 yg of the methyl ester. Reaction was generally

carried out for 30 minutes at 50° and then aliquots of the solution

were injected into the gas chromatograph. Methyl ester-MO derivatives

were silylated by addition of an equal volume of BSA to the substrate

in pyridine/methoxylamine hydrochloride solution.

Butyl boronate derivatives of PGF^ methyl esters were prepared
essentially as described by Kelly.Twenty-five microlitres of

n-butane boronic acid (Aldrich Chemical Co. Ltd., Gillingham, England),

5 mg/ml in acetone/benzene (2:1 v/v), was added to about 30 yg of

prostaglandin methyl ester. Reaction was allowed to proceed at room

temperature overnight then the solvent was evaporated under nitrogen.

The sample was redissolved in hexane or reacted with BSA prior to

GLC analysis.

Acetates were formed by reaction of the methyl ester with acetic

anhydride/pyridine (1:1 v/v).^ About 50 yg of the methyl ester was

kept overnight at room temperature in 100 yl of reagent. The product

was isolated by addition of water and extraction with diethyl ether.
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Trifluoroacetates were prepared as described by Thompson, Los

and Horton. ^ The methyl ester (50 yg) was reacted for 2 hours

at room temperature with 200 yl of tri fl uoroacetic anhydride

(B.D.H. Chemicals Ltd.) which was then removed in a vacuum desiccator.

Tertiary-butyldimethylsilyl (t-BDMS) ethers were formed using

t-butyl dimethylchlorosi1ane/imidazole/dimethylformamide mixture

(Applied Sciences Ltd., Richmond, Surrey, England). Two hundred

microlitres of reagent were reacted with up to 100 yg of the methyl

ester substrate. After standing at room temperature overnight, water

(2 ml) was added and the solution extracted with 3 ml of heptane.

The organic phase was evaporated under nitrogen and the silylated

derivative redissolved in a small volume of ethyl acetate for TLC

or GLC analysis.

2.6 CHROMATOGRAPHIC METHODS

2.6.1 LIQUID-GEL CHROMATOGRAPHY (LGC)

Glass columns (30-50 x 1-2 cm) were used with a glass wool plug

at the bottom and a solvent reservoir at constant pressure head at

the top (Fig. 2.1). When non-polar solvent systems were employed, the

glass was silanized to prevent adhesion of the gel to the inner

column wall. The columns were packed with an equilibrated slurry

of gel and solvent, and eluted for at least 12 h before commencement

of the first chromatographic run.

2
Samples were loaded in 1 ml of the eluting solvent per cm of

column cross-sectional area. When heptane/chloroform solvent systems

were employed, the samples were dissolved in the chloroform component

and then heptane was added to give the proportions of the eluting

solvent. Acetic acid (0.1%) was added to the solvent systems when

free acids were chromatographed.
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The height of the column outflow was adjusted to give flow rates
2

of 5-15 ml/h/cm . Fractions were collected on a fixed volume basis

using the drop-counting head of an LKB Ultrorac fraction collector.

Prostaglandins were estimated in individual fractions by UV spectroscopy,

liquid scintillation counting, or GLC using P^^ as internal standard.
When necessary the identity of compounds was checked by TLC or GC-MS.

Elution volumes on LGC systems were standardized as % column bed

volume. In some experiments the column effluent was monitored for

UV absorbing prostaglandins using a Cecil 212 spectrophotometer. For

PGA^, PGC^ and 11 -deoxy-11 ,12-dehydro-PGF2 analogues the wavelength of
the incident light beam was set at 240 nm, for PGB compounds at 270

nm and for 15-keto-PGB2 at 290 nm.
In most experiments room temperature was maintained at 23 4^ 1°.

The exceptions were separations involving the urinary metabolites of

PGF2a» when room temperature varied between 18° and 25°.

2.6.2 THIN LAYER CHROMATOGRAPHY (TLC)

TLC was carried out using glass plates (5 x 20 cm), precoated

with 0.25 mm layers of silica gel 60 (Merck AG, Darmstadt, Germany).

The plates were activated for 30 minutes at 110° immediately before

use. When TLC was performed as a purification procedure prior to

GC-MS, the plates were washed beforehand in the solvent system

methanol/ethyl acetate (1:1 v/v).

The use of a hot air stream was avoided during the sample loading

procedure. Prostaglandins were applied in methanol or ethyl acetate

as spots or 1 cm bands. If possible the test substance and reference

were run on the same plate.



For routine purity or identification tests on the carboxylic

acid or methyl ester derivatives, the plates were developed in a

modified AI solvent system of Gr£en and Samuelsson^' (toluene/

dioxane/acetic acid, 20:20:1, by vol.) or the FVI system of

Andersen^) (ethyl acetate/acetone/acetic acid, 90:10:1, by vol.).

Other solvent systems are given in the appropriate text.

Spots of 1-20 yg were visualized by spraying the plate with

10% phosphomolybdic acid in ethanol followed by heating for 5 minutes

at 110°C. Radioactive zones were detected using a Panax or a

Packard Model 7201 radiochromatogram scanner. The zones were

scraped off and eluted with methanol or ethyl acetate.

2.6.3 GAS-LIQUID CHROMATOGRAPHY (GLC)

A Varian series 1400 gas chromatograph with a flame ionization

detector was used. Glass columns of 6ft or 12ft x 2 mm i.d. were

packed with 1% SE-30 or 3% 0V-1 on Gas Chrom Q (100 to 120 mesh).

The column temperature was set in the range 220° to 260° and the

temperatures of the injection port and detector were kept 30° higher

than the column. Nitrogen was used as carrier gas at a flow rate of

20 ml/min.

Mixtures of fatty acid methyl esters were used as standards.

The retention times of the standards were plotted on a logarithmic

scale against the number of carbon atoms of the carboxylic acids

of the esters on a linear scale.The diagrams thus obtained were

used to convert observed retention times of prostaglandin derivatives

into C values.

Quantitative GLC was performed using another prostaglandin as
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internal standard. For example, was employed as a reference

in the analysis of PGFg .

2.7 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)

The GC-MS data reported in the subsequent sections was obtained

using an AEI MSI2 mass spectrometer. (An LKB 9000 instrument was

used on a few occasions to check the identity of reference prosta¬

glandins^^ which had been separated by LGC). The AEI MSI2 was

coupled to a Varian series 1400 gas chromatograph via a silicone

membrane separator. The gas chromatograph was equipped with a spiral

glass column (6ft x 2 mm i.d.) packed with 3% 0V-1 or 1% Dexsil-300

GC on Gas Chrom Q. The temperature of the column was fixed between

200° and 260° when mass spectra were recorded, and it was set at

270° for selected ion monitoring (SIM) analysis of 5a,7a-dihydroxy-

11-ketotetranor-prostane-l,16-dioic acid (see Section 6). The

separator temperature was 270°, ion source temperature 220°, basic

accelerating voltage 8kV, trap current 250 yA and the electron

energy 23 eV.

Mass spectra were recorded on GLC peaks at 4 sec/decade magnet

scan. A Digital Equipment Corporation POP 8/1 computer with an

AEI DS30 data system was used for data reduction and background

subtraction,'

In ion monitoring modes, masses for detection were initially

selected using perfluorokerosene (PFK) marker bleed. After with¬

drawal of the PFK, fine focussing was effected during the elution of

standard prostaglandin samples from the gas chromatograph. Modification

of the MS12 for SIM operation is described in reference 111.



ANIMAL EXPERIMENTS

Male Wistar rats (300 g) were used in studies on the metabolism

of PGF2a (Section 5). The animals were housed unrestrained in
individual cages and allowed free access to food pellets and water.

Twice daily injections of J^93-J "PGF^ 0 m9 or 2.5 mg) were
administered in 0.5 ml of sterile saline containing 10% methanol.

Urine specimens were collected daily until 24 hours after the last

injection and stored at -20° prior to analysis. The faeces was

collected every 48 hours and was stored in methanol at -20°.
A female Rhesus monkey (4.5 Kg) was used for the bioconversion

of |j8,l0,10,X-2H4; 98-3H]-PGF2a to |^4,6,6,X-2H4; 58-3H]-5a,7a-
dihydroxy-ll-ketotetranor-prostane-1,16-dioic acid (Section 6).

The experiment was kindly performed by Dr Eva Kohner and Mrs Susan

Humphrey. Indomethacin (25 mg) was administered orally, 15 hours

and 1 hour before the experiment began. Anaesthesia was then

induced with 10 ml of 2% Pentothal and maintained with halothane

(2%). The labelled PGF2a (10 mg) was infused into the femoral
vein at a rate of 500 ug/kg/h. The animal was loaded with 150 ml

of sterile saline during the course of the infusion. Urine was

collected from the catheterized bladder and monitored for tritium-

labelled material by liquid scintillation counting.



SECTION 3

REVERSED-PHASE SEPARATION OF PROSTAGLANDINS ON

LIPOPHILIC GELS
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3.1 INTRODUCTION

Ellingboe, Nystrbm and Sjttvall demonstrated that increased

hydroxyalkyl substitution of Sephadex LH-20 leads to an increased

retention of cholesterol in methanol.^ Gels of high substitution

were used with more polar solvent systems to achieve the reversed-

phase separation of various steroidsbile acids^ and fatty

acids.appearecj likely that the method could be

adapted for the separation of prostaglandins.

With the above results in mind, the present study was initiated

by testing the separation of various prostaglandins on highly

substituted derivatives of Sephadex LH-20. Shortly after this

work commenced, however, a paper by Nystrbm and SjtWall was published

in which the reversed-phase LGC separation of PGF^, PGE-j
and PGE2 was described.^) It was demonstrated that the maximum
retention and separation of prostaglandins cannot be obtained using

the highly hydroxyalkyl-substituted gels; there was a gel with an

optimum hydroxyalkyl group content (C-ji-C-j^, 12% by weight) which
gave the maximum resolution of PGE-j and PGE2. Further investigations
carried out in the present study were based on these results.

The first part of Results and Discussion is concerned with the

development of reversed-phase LGC systems, including the progress

made prior to NystrOm and SjOvall's publication^ and a reappraisal

of the systems they described. The second part deals with the

capacities of the various gel systems to separate prostaglandins with

slight differences in structure. It is commonly acknowledged that

classical reversed-phase chromatography on Hyflo Supercel is a method

which possesses great resolving power. The question was whether

comparable separations could be achieved by using reversed-phase LGC.
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Fig. 3.1: PGE2> PGFp^ and PGA-j chromatographed on N1114-56%-LH-20.
Solvent system: water/2-propanol/chloroform/heptane
70:70:9:1 by vol. pi us 0.1% acetic acid. Column : 31 x 1 cm.

■ Flow rate : 5 ml/h. Temperature : 20-?4°C
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3.2 RESULTS AND DISCUSSION

3.2.1 DEVELOPMENT

A Use of hydroxyalkyl (C-j^-C-j^, 56% by weight) Sephadex LH-20
and phenyl hydroxyethyl (31% by weight) Sephadex LH-20

On a column of N1114-56%-LH-20 with methanol as solvent there

was no separation of a mixture of radioactively-labelled PGE2,
PGA-j, PGA-j methyl ester and PGA-j methyl ester trifluoroacetate.
The compounds were eluted as a single chromatographic peak close

to the void volume of the column. When a more polar solvent system

was employed (water:2-propanol:chloroform:heptane, 70:70:9:1 by vol.)

PGA-j was separated from PGE^ and PGF2a but the latter compounds
were not resolved (Fig. 3.1).

The above examples are typical of the main problem which was

encountered in this early phase of the study, namely that the

prostaglandins were not sufficiently retained by the gel stationary

phase to achieve separation of the compounds. Although an increase

in the polarity of the solvent system will lead to an increased

retention of compounds on a reversed-phase system, the requirement

for a non-polar solvent component (preferentially absorbed by the

gel) in a predominantly water/alcohol solution makes possible only

relatively small changes in the composition of the solvent system.

Consequently the effect of changing the polarity of the lipophilic

gel was investigated. Since N1114-56%-LH-20 is extremely non-polar,

the more polar gel phenyl hydroxyethyl (31% w/w) Sephadex LH-20

was synthesized. This gel has less substitution on a weight basis

than N1114-56/O-LH-20, and in addition the phenyl hydroxyethyl

groups are more polar than the C-j 1 -C-j ^ hydroxyal kyl groups. Using
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Fig 3.2: Separation of PGF^ and PGE2 on phenyl hydroxyethyl (31% w/w)
Sephadex LH-20. Solvent system : water/methanol/dichloromethane
70:70:10 by vol. plus 0.1% acetic acid. Column : 23 x 1 cm.

Flow rate : 15 ml/h. Temperature : 20-24°C



phenyl hydroxyethyl (31% w/w) Sephadex LH-20 with a solvent system

of water/methanol/dichloromethane (70:70:10 by vol.), a partial

separation of PGF^ and PGE£ was achieved (Fig. 3.2).
At this time the aforementioned paper by Nystrbm and Sjtivall

was published.The retention volumes of PGE-j and PGE^ had been
measured on lipophilic gels of different polarities with a solvent

system of water/methanol/l-butanol/chloroform (60:40:7:3 by vol.).

A gel with C^-j-C^ hydroxyalkyl group content of 12% by weight
(N1114-12%-LH-20) gave the maximum retention and separation of the

compounds; PGE^ was retained to approximately six column volumes
of solvent and the PGE-j/PGEg separation factor was 1.13. The most
polar gel (Sephadex LH-20) and the least polar (N1114-55%-LH-20)

gave less than half the above retention volume and no separation

of PGE-j and PGE2» Using N1114-12%-LH-20, the separation of PGF^,
^2g' ^1 anc' ^2 was demonstrated. Further work carried out in
the present study was based on this method. Commercially available

Lipidex 1000 (equivalent to 11% w/w, C-j^ hydroxyalkyl Sephadex LH-20)
was used in place of Nil!4-12%-LH-20.

Use of Lipidex 1000

A column of Lipidex 1000, solvent system, water/methanol/

1-butanol/chloroform 60:40:7:3 by vol. (Lipidex 1000-60:40:7:3),

was prepared in an attempt to reproduce the results of Nystrttm

and Sjflvall.7^ The separation of P^a' PGEg and PGE-j was tested
on three chromatographic runs on this column and the results are

shown in Fig. 3.3. Reproducible elution volumes and quantitative

recoveries were obtained, but the compounds were eluted earlier and
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Fig. 3.3: Three consecutive chromatographic runs on the first
column (as described in text) of Lipidex 1000-60:40:
7:3 (+ 0.1% acetic acid).
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Fig. 3.4: Three consecutive chromatographic runs on the second
column (as described in text) of Lipidex 1000-60:40:
:7:3 (+ 0.1% acetic acid).
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were less well resolved than reported by Nystrttm and Sjtivall.

The first chromatographic run on a second column of Lipidex

1000-60:40:7:3 gave similar results (Fig. 3.4a), but completely

different results were obtained when the separation was repeated

three days later (Fig. 3.4b). There was a marked increase in the

elution volumes of PGF^ and PGEj and a wide baseline separation
between the two prostaglandins. This chromatographic profile

was maintained when further separations were performed on the same

column. For example, Fig. 3.4c illustrates the separation of

PGE-j, PGE^ and P^ . The latter results agree with the published
data;^ there is complete resolution of PGF^ and PGE2, retention
of the E prostaglandins to approximately 6-7 column volumes of

solvent, and PGEj/PGE2 separation factor of 1.15.
When the separations illustrated in Fig. 3.3 and Fig. 3.4a

were performed the gel/solvent system was not properly equilibrated,

yet the Lipidex 1000 had been mixed with excess solvent for hours

before preparing the columns and solvent had passed through the

packed columns for several days. The problem was repeatedly

encountered, and was eventually solved by adopting the following

method of equilibration : the Lipidex 1000 is swollen in a large

excess of the methanol/l-butanol/chloroform components of the solvent

mixture, then the water component is added and the slurry is

thoroughly stirred and left overnight to equilibrate. This method

was found to give reliable equilibration of Lipidex 1000 with

polar solvent systems.

When a hydroxyalkyl-substituted derivative of Sephadex LH-20

is swollen in a polar solvent mixture there will be preferential



uptake of the less polar solvents by the gel, thus creating a non-

polar stationary phase. However the equilibration problem with

Lipidex 1000-60:40:7:3 may be due to lack of water uptake into the

gel phase. The points listed below are relevant to a possible

explanation for the phenomenon.

(i) Nystrtim and Sjbvall showed that the maximum retention of

PGE-j and PGE^ was obtained using N1114-12%-LH-20 (equivalent
to Lipidex 1000), whereas less than half this retention was

found using either Sephadex LH-20 (a more polar gel) or

N1114-55%-LH-20 (less polar).

(ii) In the present study it was frequently found that Lipidex

1000 did not equilibrate with the 60:40:7:3 solvent system.

This "non-equilibrated" state was never observed using

Sephadex LH-20 or N1114-56%-LH-20.

(iii) There was no change in the column volume when Lipidex 1000-

60:40:7:3 changed from being "non-equilibrated" to

equilibrated.

From point no. (i) above it is apparent that Lipidex 1000/

N1114-12%-LH-20 give the maximum retention of E prostaglandins in

the 60:40:7:3 solvent system because the stationary phase is of

optimum polarity in comparison to Sephadex LH-20 (which is too

polar) and Nil 14-55%-LH-20 (too non-polar). Since the bed volume

of Lipidex 1000/N1114-12%-LH-20 in water alone is approximately

3 ml/g gel, a significant uptake of water should occur on mixing the

gel with the 60(water):40:7:3 solvent system. However, even the

low degree of hydroxyalkyl substitution in Lipidex 1000/N1114-12%-

LH-20 makes the gel moderately hydrophobic and it is therefore

possible that water uptake could be replaced by absorption of one

of the less polar solvents. In this case the gel stationary phase
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would be less polar than optimum and a decrease in the retention

of compounds would be observed. This effect is not seen with

Sephadex LH-20 (point no. (ii) above) because this gel is hydro-

phi lie, it will swell equally well in water or chloroform, and

therefore equilibration with the 60:40:7:3 solvent system will

readily be achieved. The effect is not seen with N1114-55%-LH-20

because this gel is so hydrophobic that no significant uptake of

water can occur, and hence this factor is not important in the

achievement of equilibrium. From point no. (iii), it can be

deduced that when Lipidex 1000 is swollen in the 60:40:7:3 solvent

and remains non-equilibrated, the uptake of another solvent,

probably methanol, has replaced the uptake of water.

Since equilibration can be reliably achieved by pre-swelling

Lipidex 1000 in the organic solvent components of the solvent system

and then adding the water component, it appears that water uptake

occurs more readily into the fully swollen gel. Following the

addition of water, the achievement of equilibrium is accompanied

by shrinkage of the gel from approximately 4.5 ml/g gel to

3.8 ml/g in the final 60:40:7:3 solvent system.

C Use of Sephadex LH-20

On Sephadex LH-20 in polar solvent systems a reversed-phase

separation of PGE-j and PGE2 was consistently obtained. PGE-j/PGE2
separation factors are plotted versus retention volumes in Fig. 3.5.

It can be seen that in the 60:40:7:3 solvent system there was no

change in the PGE^/PGE^ separation factor using either Sephadex LH-20
or Lipidex 1000 or using "non-equilibrated" Lipidex 1000 (as
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g. 3.6: Separation of PGF„ and PGE? on two chromatographic runs on the
same column of Lifrfdex 1000-50:50:5:5 (water/methanol/butanol/
/chloroform plus 0.1% acetic acid). Column : 31 x 1 cm.
Flow rate : 10 ml/h. Temperature : 23°C.



described in the previous sub-section). On Sephadex LH-20-60:40:7:3

the retention volume of PGE^ varied over a wide range on different
chromatographic runs (4.5-7 column volumes of solvent). This

observation is discussed below. On changing to the solvent system

water/methanol/I-butanol/chloroform (50:50:5:5 by vol.) with

Sephadex LH-20, the retention volumes of compounds were reproducible

within a range of 5% from column to column and, as illustrated in

Fig. 3.6, they were highly reproducible on the same column on

different chromatographic runs. Using Sephadex LH-20-50:50:5:5

the PGE-j/PGE2 separation factor was 1.06.
The variation in elution volumes which occurred with the

60:40:7:3 solvent system was probably due to evaporation of

chloroform from the solvent reservoir. It is of interest to note,

however, that the variation was considerably more pronounced with

Sephadex LH-20 than with Lipidex 1000. This observation may be

related to the fact that the polarity of gel which gives the

maximum retention of compounds varies with the solvent system

employed (cf. references 70,71). Thus, it is possible that

evaporation of chloroform from the 60:40:7:3 solvent system

generates a slightly more polar solvent mixture which gives the

maximum retention of compounds with a gel nearer the polarity of

Sephadex LH-20 than Lipidex 1000. In the case of Lipidex 1000, this

change in optimum gel polarity away from Lipidex 1000 (towards

Sephadex LH-20) would be offset by the increased retention achieved

in the slightly more polar solvent mixture. On the other hand, both

these factors (the change in optimum gel polarity and the increased

polarity of the solvent mixture) would operate to give increased



Fig. 3.7: Separation of 15-keto-PGF^ from PGF^ anc* 15-keto-PGE-j
and 15-keto-l3,14-dihydro-PGE-| from PGE-j on Sephadex LH-2
-50:50:5:5 (water/methanol/butanol/chloroform by vol. piu
0.1% acetic acid). Column : 31 x 1 cm. Flow rate :
10 ml/h. Temperature : 23°C
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retention volumes on Sephadex LH-20. This could explain why

retention volumes on Sephadex LH-20 were sometimes comparable with

those achieved on Lipidex 1000.

Nystrttm and Sjtivall reported that PGE-j and PGE2 did not
separate on Sephadex LH-20-60:40:7:3. Under the conditions used

by these authors, the retention volume of the E prostaglandins

was about 2.5 column volumes of solvent. In the present study,

comparable retention volumes were obtained using Sephadex LH-20 with

the less polar 50:50:5:5 solvent system. This gel/solvent system

gave a PGE-j/PGE2 separation factor of 1.06 and very reproducible
elution volumes of the prostaglandins (Fig. 3.5, Fig. 3.6).

Consequently, it is unlikely that the evaporation of chloroform

from the solvent mixtures can completely account for the difference

between the results presented above and those of Nystrdm and Sjtivall.

Whatever the explanation for this discrepancy it is apparent that

the separation of PGE-j and PGE^ is not a property specific to a
particular gel. With the conditions used in this investigation

there was sufficient resolving power on Sephadex LH-20 to enable

many of the less polar prostaglandins to be separated.

3.2.2 EXAMPLES

A Keto/hydroxy substitutions

Prostaglandins with keto substituents at either C-9 or C-15 can

be readily separated from their hydroxy analogues. Thus Fig. 3.7

illustrates the separation of 15-keto-PGF2a from PGF2a and 15-keto-
PGE-j from PGE^ using Sephadex LH-20-50:50:5:5. The elution volume
of 15-keto-13,14-dihydro-PGE-| was determined on another run using
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Fig. 3.8; Separation of PGF2a and PGF2 on Lipidex 1000-60:40:7:3
(water/methanol/butanol/ch1oroform by vol. pi us 0.1%
acetic acid). Column : 44 x 1 cm. Flow rate : 5 ml/h.
Temperature : 18°-22°C
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the same column, and is indicated by an arrow in Fig. 3.7. The

separation of PGE2 from its reduction products PGF2a and PGF^ has
been previously described.^

_B C-9 epimers

Using Lipidex 1000-60:40:7:3, the separation factor between

anc* ^2(3 Was ^3 anc* two eP">mers were completely
resolved (Fig. 3.8)?^ In general, however, prostaglandin hydroxy

epimers have small separation factors on reversed-phase LGC. Using

Sephadex LH-20~50:50:5:5, ll-deoxy-PGFOD was eluted before 11-deoxy-

PGF^a with a separation factor of 1.06, at a retention volume of
310% of the column volume for the 98-hydroxy analogue.

(1 C-15 epimers

Using Sephadex LH-20-50:50:5:5, 15(R)-1Oa-hydroxy-11-deoxy-11,

12-dehydro-PGF0o was eluted before its 15(S)-analogue with a
iip

separation factor of 1.07, at a retention volume of 215% of the

column volume for the earlier eluting epimer. In Section 4, it is

shown that superior resolution of both C-9 and C-15 epimeric pairs

is obtained by straight-phase LGC of their methyl esters.

D PGA2, PGBq and PGC2

PGA2 and PGC2 are rapidly converted to PGB2 by treatment with
very mild alkali^ and a slow rate of isomerization can be observed

within a few months of storage in methanol at -20°C. A mild

separation method is therefore required for the purification of
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Fig. 3.9: Separation of PGA2, PG!^ and PGC2 on Sephadex LH-20-
-50:50:5:5 (water/methanol/butanol/chloroform by vol,
pi us 0.1% acetic acid). The elution volumes of PGF2a
and PGE2 are indicated by arrows. Column : 31 x 1 cm.
Flow Rate : 10 ml/'h. Temperature 20°-23°C.



these compounds. Previously they have been separated by reversed-

phase chromatography on Hyflo Supercel^ and by thin layer
1131

chromatography on ferric chloride impregnated silica gel. '

A mixture of several hundred micrograms of PGA^, PGB2 and PGC^
was chromatographed on a column of Sephadex LH-20-50:50:5:5. The

results, which are illustrated in Fig. 3.9, show that PGC2 was
completely resolved from the other two isomers. Although PGA2 and

PGB2 were only partially resolved using this system, complete
resolution was achieved using Lipidex 1000-50:50:5:5. The fact that

the three compounds were eluted as distinct peaks can be taken as

evidence of their stability on the columns; the slight forward

tailing seen in Fig. 3.9 is a common feature of reversed-phase systems

and is due to partial ionization of the sample.

It should be noted that the 50:50:5:5 solvent system is too

polar to dissolve milligram quantities of these non-polar prosta¬

glandins. Hence a limit to the mass of sample which can be

chromatographed is reached well below the maximum loading capacity
2 1141

of the column (50 mg/cm column area). As pointed out by Jones '

this problem can be partly circumvented by choosing a 1ipi phi lie

gel such as Lipidex 1000 which will give the same retention and

separation of compounds (compared to Sephadex LH-20) using a less

polar solvent mixture. Thus Lipidex 1000 used with a solvent system

of water/methanol/l-butanol/chloroform (40:60:4:6 by vol.), gives

complete resolution of PGC2 from PGA2 and PGB2 and a larger mass
of sample can be applied to the column.

Saturated/unsaturated analogues

It has been shown that on reversed-phase LGC, PGE2 is eluted
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Fig. 3.10: The reduction products of PGE-| separated on Sephadex LH-20-
-50:50:5:5 (water/methanol/buranol/chloroform by vol. pi us
0.1% acetic acid). Column : 27.5 x 1 cm. Flow rate : 8 ml/h.
Temperature : 23"C.
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Fig. 3.11: Separation of PGA-i , 11-deoxy-PGE-| and ll-deoxy-13,14-dihydro-
-PGE-j on Lipidex 1000. Solvent system : water/methanol/butanol/
/chloroform 40:60:4:6 by vol. plus 0.1% acetic acid). Column :
38 x 1 cm. Flow rate : 7 ml/h. Temperature : 23°C.



before PGE-j and PGF^ before PGF-j and in the present study the
same order of elution was found within the A and B groups of

prostaglandins. The separation factors between prostaglandins

containing a 5,6 cis double bond and their saturated analogues

were in all cases less than 1.2. In contrast, large separation

factors were found between 13,14-dihydro prostaglandins and their

unsaturated counterparts. A sample of 13,14-dihydro-PGE-| was
prepared by reduction of j^5,6-"^hJ-PGE-j with hydrogen gas using a
palladium catalyst"'^ and the products chromatographed on a

column of Sephadex LH-20-50:50:5:5. Several peaks of radioactivity

appeared (Fig. 3.10). Peaks I and II were identified by GC-MS as

PGE-j and 13,14-dihydro-PGE-j respectively, the separation factor
being 1.21. When the same reduction reaction was performed on radio¬

active PGF£ , the two major products, POF^ and 13,14-dihydro-PGF^,
had a separation factor of 1.63 on Lipidex 1000-50:50:5:5. Fig. 3.11

shows that a large separation factor (1.32) was also obtained

between 11-deoxy-PGE-j and 13,14-dihydro-11-deoxy-PGE-j when these
compounds were chromatographed on Lipidex 1000 using a solvent system

of water/methanol/l-butanol/chloroform (40:60:4:6 by vol.). PGA-j
was chromatographed on the same column and was elutea slightly ahead

of its 11,12 saturated analogue, 11-deoxy-PGE-j, the separation factor
between the two compounds being 1.05.

Urinary Metabolites of PGFg

In this sub-section the systems of choice for the reversed-phase

separation of polar PGFg^ metabolites are described. An account of
the isolation and identification of PGFg metabolites from rat urine
and faeces is given in Section 5.
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Fig. 3.12: Separation of PGF2a urinary metabolites on Lipidex
1000, (solvent system : water/methanol/butanol
90:10:10 by vol. plus 0.1% aceti.c actd).
Column : 43 x 2 cm. Flow rate : 15 ml/h.

Temperature : 18-22°C



The free acids of PGF^ urinary metabolites are extremely polar
compounds which are eluted close to the void volume of a reversed-

phase column and therefore cannot be completely resolved from one

another. Although group separation of the free acids of PGF^
urinary metabolites (into C14 * C16 and C-jg compounds) has been

43-451
performed by reversed-phase chromatography on Hyflo Supercel, '

and a similar separation was achieved by reversed-phase LGC (Fig. 3.1

it was found that this chromatographic step is best avoided. The

presence of 1-butanol plus acetic acid in the solvent systems used

for the separation of the free acids can lead to the formation of

substantial quantities of butyl esters of the tetranor PGF^
metabolites. The butyl esters are stable in the presence of

esterifying reagents, and appear as separate peaks when the samples

are subsequently methylated and rechromatographed. Obviously

this complicates the isolation and identification of the metabolites.

Although Swedish workers have never described this property of

tetranor-PGF^ metabolites, the problem has been acknowledged by
53 1151

other investigators. ' ' Conversion of the metabolite acids to

the chosen ester is recommended before chromatographic separation

is performed. Esterification to the less polar methyl ester

derivatives gives more retention on a reversed-phase chromatographic

system and enables the individual compounds to be resolved. Further¬

more, the methyl esters are more stable than the free acids. Acetic

acid is not required in the chromatographic solvent systems since

the esters are neutral compounds, and under these conditions the

rate of transesterification is extremely slow and is not a problem

during the time-course of a chromatographic run.
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Fig. 3. 13: Separation of the methyl esters of tetranor-PGF-, and
dinor-PGF-, on Lipidex 1000-50:50:5:5 (water/metPianol/
butanol/chloroform by vol.). Column : 35 x 1 cm.
Flow rate : 5 ml/h. Temperature: 18°-22°C.
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Fig. 3.14: Separation of the methyl esters of two tetranor-dioic acid

metabolites of PGF;?a (see text) and their 6-lactone
derivatives on Lipidex 1000-60:40:7:3 (water/methanol/'
/butano1/chloroform by vol.). Column : 43 x 1 cm. Flow rate
5 ml/h. Temperature : 18-22°C
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The methyl esters of dinor- PGF, and tetranor-PGF. arela la

sufficiently non-polar to be separated from one another using

Lipidex 1000-50:50:5:5 (Fig. 3.13). This system gives a similar

separation to that reported for 3-Qxidation products of prosta¬

glandins on Hyflo Supercel.^
For the separation of the dioic acid metabolite methyl esters

a more polar solvent system should be chosen. Fig. 3.14 illustrates

the separation of the methyl esters and the corresponding S-lactone

methyl ester derivatives of 5a,7a-dihydroxy-11-ketotetranor-

prostane-1,16-dioate and 5a,7a-dihydroxy-ll-keto(tetranor, w-dinor)-

prostane-1,14-dioate on a column of Lipidex 1000-60:40:7:3. These

compounds have previously been separated by reversed-phase chroma-
43 451

tography on Hyflo Supercel. ' '

3.3 CONCLUDING REMARKS

It was acknowledged earlier that the reversed-phase LGC systems

used to achieve the separations described above are based on a

method devised by Nystrtim and Sjbvall.^ The equilibration problem

which was encountered in the present study with Lipidex 1000 and

polar solvent mixtures, and the fact that PGE-j and PGE2 were found
to separate using Sephadex LH-20 have been previously discussed.

The separation of prostaglandins by classical reversed-phase

liquid-liquid partition chromatography on hydrophobic Hyflo Supercel

has never been systematically described. However, the method has

been used extensively by Swedish groups working in the prostaglandin

field, and there are numerous separations illustrated in the

literature (e.g. references 2,10,32,33,40,42-45,49-52,54-56,72,96,



HYFLO SUPERCEL . solvent system F-50 ( moving ph3se , water/methanol 150:150 v/v
stationary phase , chloroform/heptane 45:5 v/v. )
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LI PI DEX 1000 , solvent system-water/methanol/l-butanol/chioroform 60:40:7:3 by volume.

Fig. 3.15: Relative elution volumes of the methyl esters PGF^
urinary metabolites on Hyflo Supercel and reversed-phase
LGC.

1. = 5a,7a-dihydroxy-l 1-k.etotetranor-prostane-1,16-dioate,
2. = 5-lactone of 1.

3. = 5a,7a-dihydroxy-n-keto.(tetranor, a)-dinor)-prostane-
-1,14-dioate

4. = 6-lactone of 3.

5. = 5a,7a,11-trihydroxytetranor-prostane-1,14-dioate
(as the y-lactone between C-ll and C-14)

6. = 5a,7a,16-trihydroxy-ll-ketotetranor-prostanoic acid
7. = 6-lactone of 6.



116-119). Two pertinent features of these results are discussed

below.

Firstly, the chromatographic efficiences are very poor;

2 10 32
reported results vary from about 100 theoretical plates/column ' ' '

33,56,96) £0 ^out 300 theoretical plates in the best examples.^ 45,56,72)
The latter figure can be obtained routinely on a reversed-phase

LGC column of only 15 cm length. The reported separations (using

classical reversed-phase chromatography) of A and B prostaglandins,^
PGA2, PGB2 and PGC2,99^ PGE C2Q metabolites,72'117"119) anc| Pqf C]4
urinary metabolites^ are all inferior to the results obtained by

reversed-phase LGC.

The second point is, in general, the selectivities of the

classical method and of reversed-phase LGC are similar but striking

differences occur in some instances. An example is given in Fig. 3.15.

The relative elution volumes of various PGF^ urinary metabolites
on Hyflo Supercel/solvent system F-50 were compiled from the data

43-451
published by Granstrdm and Samuelsson, ' and they are compared

with the relative elution volumes found using Lipidex 1000-60:40:7:3.

It can be seen that some metabolites give quite comparable relative

elution volumes on both systems (e.g. numbers 2, 3 and 4) whereas

others give very different values. The PGE^/PGE2 separation factor
was 1.15 on reversed-phase LGC whereas values of 1.35^^ and 1.57^
can be calculated from published results using the classical method.

In terms of resolution of PGE-j and PGE2 the two methods give similar
results; the advantage of selectivity on Hyflo Supercel is lost

through poor chromatographic efficiency.



Reversed-phase LGC has several additional advantages over the

classical method. The greater stability of LGC systems makes the

columns easier to prepare, the same column can be used for long

periods of time, and fluctuations in temperature do not result

in the stationary phase being washed out of the column. The inert

nature of lipophilic Sephadex derivatives make them ideal for the

separation of labile compounds (e.g. E, A and C prostaglandins), and

quantitative recoveries can be obtained.

The main problem associated with the reversed-phase LGC method

is that slow flow rates are unavoidable. The viscous solvent

mixtures will not penetrate a well-packed gel bed at more than 5-10
2

ml/cm /h for a 30-40 cm length column. Increased positive pressure

merely results in a further slowing in the flow rate, and the use

of Lipidex 1000 prepared with a larger particle size distribution

(120-180 mesh) did not give a noticeable improvement.

The work reported in this section demonstrates the potential

of reversed-phase LGC. The following section describes the

development of straight-phase LGC for the separation of prostaglandin

methyl esters and Section 5 gives an application of these methods

to the separation and identification of PGF^ urinary and faecal
metabolites.



SECTION 4

STRAIGHT-PHASE SEPARATION OF PROSTAGLANDIN

METHYL ESTERS ON LIPOPHILIC GELS



54.

4.1 INTRODUCTION

Straight-phase LGC of lipids was first performed using Sephadex

gels substituted with short carbon chain residues.^ Thus, 3-hydro*y-

propyl Sephadex (Sephadex LH-20) has been used for the separation

of the A, E and F groups of prostaglandin methyl esters J^O) However,

the bonding of longer hydrocarbon chains to the gel matrix considerably

increases the scope of the method. This procedure yields hydro¬

phobic gels (e.g. Lipidex) which remain swollen in very non-polar

solvents such as heptane. The synthesis of hydrophobic Sephadex

gels was originally described by Ellingboe, Nystrtim and Sjtivall,

and they applied the straight-phase method to the separation of

various steroids and glycerol ethers.^'
The present investigation was initially stimulated by the need

to resolve various 15-hydroxyprostaglandin epimeric pairs. The

separation factors of these compounds on reversed-phase systems are

in general very small (< 1.1). In contrast, it was found that

large separation factors are obtained by straight-phase LGC of

their methyl esters. The results looked so promising that a complete

evaluation of the method was undertaken. As in Section 3, the

results are subdivided into method development followed by an

investigation of the selectivity of the method towards structural

changes in the prostaglandin molecule.

4.2 RESULTS AND DISCUSSION

4.2.1 DEVELOPMENT

The retention of a compound on a gel partition chromatography

system is dependent on the relative polarities of the compound, "the
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Fig. 4.2: Separation of the methyl esters of PGB2, PGE2, PGF2™ and
PGF2g on Lipidex 5000-50:50 (heptane/chloroform v/v).
Column : 1.2 x 36 mm. Flow rate : 10 ml/h.
Temperature : 23°C.



gel and the sol vent system.69>70) e^fect 0f these three

parameters on the straight-phase separation of prostaglandin methyl

esters was studied by chromatographing four compounds on each of

four lipophilic gels in three heptane/chloroform mixtures. The

compounds, in order of increasing polarity, were the methyl esters

of PGB^, PGE^, PGF;?a anc* 9e^s' in orc'er decreasing
polarity, were Sephadex LH-20, Lipidex 1000, Lipidex 5000 and

N1518-62%-LH-20. The results, which are shown in Fig. 4.1, indicate

the scope and the limitations of the basic method. For instance

using a highly substituted non-polar gel such as Lipidex 5000 and

a polar solvent system such as a 50:50 v/v mixture of heptane and

chloroform, the separation of prostaglandin methyl esters with

large differences in polarity can be achieved. The use of this

system is shown in Fig. 4.2 where the methyl esters of prostaglandins

B^, E£, and F^g were separated within two column volumes of
solvent.

However, for the separation of very similar compounds a gel/

solvent system giving greater retention on the column should be

chosen. The increase in retention almost invariably results in an

increase in the separation factor for two compounds. For example,

on Lipidex 5000 using heptane/chloroform 50:50 v/v (Lipidex 5000-

50:50) the separation factor between the methyl esters of PGF^^ and
PGF„. was 1.32. This factor was increased when retention was

increased either by changing to Lipidex 1000-50:50 (separation factor

1.62) or to Lipidex 5000-70:30 (separation factor 1.71). Differences

in the separation factor on the four gels at the same retention

volume were small compared with the change in separation factor



Fig. 4.3: Swelling of the four lipophilic gels in mixtures
of heptane and chloroform. Gel-solvent combinations
below the dotted line exhibit poor chromatographic
efficiency.
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related to change in retention. Consequently more difficult

separations were attempted on the basis that retention on the

column was a variable which could easily be increased, so improving

separations, without necessitating the optimization of factors

affecting chromatographic efficiency. Undoubtedly an increase in

column length, a decrease in solvent flow rate and the use of a

gel with particles of finer mesh and narrower size distribution

are additional factors which could be used to improve the separation

of very similar compounds.^ This would enable compounds with

a separation factor of 1.1 to be resolved. With the conditions

used in the present work, adequate separation (Resolution 1)

occurred with separation factors of about 1.2. This value could

generally be achieved by the adjustment of retention volume.

It should be noted that when the more polar gels, Sephadex

LH-20 and Lipidex 1000, are used in the less polar solvent mixtures,

although increased retentions are achieved, there is a severe loss

of chromatographic efficiency. This limitation can be correlated

with the swelling properties of the gels. In Fig. 4.3 the bed

volumes of the four gels in mixtures of heptane and chloroform are

shown. For gels and solvents where swelling was greater than about

2.5 ml/g, the Height Equivalent to a Theoretical Plate was less

than 0.8 mm. When swelling was below this limit, the HETP value

increased sharply to greater.than 2 mm and compounds were eluted

in very broad peaks. There are probably two factors responsible

for this effect. Firstly, adsorption interactions between polar

groups in the sample and in the gel matrix may work in opposition

to the liquid-gel partition interactions which predominate in a



Fig. 4.4: Separation of the methyl esters of 15-keto-PGB2
(labelled 15-oxo-PGB2), ^H-PGB^, PGC2 and
15(S)-and 15(R)-11-deoxy-11,12-dehydro-PGF2a on
Lipidex 5000-90:10 (heptane/chloroform v/v). The
elution volume of PGC2 methyl ester was determined
from another run on the same column. Column :

1 x 35 cm. Flow rate : 13 ml/h. Temperature : 23°C.

ELUTION VOLUME (% column vol)
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more fully swollen gel. Secondly, the gel particles tend to aggregate

into small clumps and to adhere to the glass walls of the column;

flow rates through.the individual inter-particulate channels will

therefore vary more than usual, and this will contribute to the

poor chromatographic efficiency. Gels with a high degree of

hydroxyalkylation do not show these effects, and chromatographic

efficiency is maintained even in pure heptane.

4.2.2 EXAMPLES

A Keto/hydroxy substitutions

The separation of C2Q prostaglandin methyl esters with keto
or hydroxy substituents at either C-9 or C-15 is readily effected.

Thus Fig. 4.2 illustrates the separation of PGE2 methyl ester from
its reduction products PGF2a and PGF2^ methyl esters. Fig. 4.4
shows the resolution of PGC2 methyl ester from the corresponding
9a-hydroxy analogue (15(S)-11-deoxy-ll,12-dehydro-PGF2a) and of
PGB2 methyl ester from 15-keto-PGB2 methyl ester. The resolution
of the latter pair of compounds seems particularly large and this

is also evident with PGF2a and 15-keto-PGF2a methyl esters (Fig, 4.8).
An 'exclusion1 of ketonic steroids from lipophilic gels using

68 121)
straight-phase solvent systems have been previously reported. ' '

In view of the large separation obtained between 15-keto- and 15-

hydroxyprostaglandins in the present investigation, it is possible

that a similar group-specific/gel interaction may be operating.

B> C-9 epimers

The separation of PGF2a and PGF2^ methyl esters is illustrated
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Fig. 4.5: Separation of PGF2a and PGF2g methyl esters by TLC and LGC, and
their methyl ester TMS ether derivatives by GLC

TABLE 4.1 Table 1.1

Separation of prostaglandin methyl esters epineric at C-15

Prostaglandin Gel/solvent Elution volume Separation Resolution

methyl ester system (Z colWW vol.)
15CS) 15(R)

factor

*2 H1518-62Z-LH-20-
100:0 819 659 1.25 2.53

m Lipioex 5000-
95:5 518 950 1.15 0.81

11-de0xy fj-
m 791 579 1.37 2.00

11-deoxy fj b Iipidex 5000-
90:10 536 992 1.21 1.50

II-oeoxy-11,12-
demydro f2„

» 589 880 1.51 2.57

f2o Lipidex 5000-
70:30 325 256 1.27 1.23

ii-deoxy-11.12-
dehydro fjd

Lipidex 1000-
70:30 265 365 1.90 1.90

e2
* 893 765 1.17 0.89

loc-kydrgxy-
11-deoxy-11,12-

LH-20
50:50 282 350 1.29 1.17

dehydro fjq
• Lipidex 5000-

70:30
296 297 1.20 1.00



in Fig. 4.2. In this example the P^g/PGF^ separation factor
was 1.32. However there is considerably more resolving power

available using the straight-phase method; Fig. 4.5 illustrates

that the separation which can be achieved is far superior to that

obtained using either reversed-phase LGC, TLC or GLC.

The sodium borohydride reduction products of PGA2, 11-deoxy-
PGF^ and ll-deoxy-PGF2g, were the only other pair of C-9 epimers
to be tested, and they were also completely resolved. Using

Lipidex 5000-90:10, 1l-deoxy-PGF2a methyl ester was eluted before
its 93-hydroxy analogue. The separation factor was 1.32 at a retention

volume of 420% of the column volume for the earlier eluting epimer.

At similar retention volumes on reversed-phase LGC, the separation

factor of this pair of compounds was found to be less than 1.05.

C-15 epimers

The separation of a number of C-15 epimers was achieved, and

the results are summarized in Table 4.1. Most of the examples show

excellent resolution of the epimeric pairs. The separation of

15(S)-and 15(R)-11-deoxy-11,12-dehydro-PGF2a methyl esters is
illustrated in Fig. 4.4.

When gels of high or low polarity were used to effect the same

separation, the results correlated with the retention volumes of

the compounds, while the particular gel and solvent combination

appeared to be largely irrelevant. This is evident from an

examination of Table 4.1; for example, a similar separation of 15(S)-

and 15(R)-10a-hydroxy-l1-deoxy-ll,12Tdehydro-PGF2a methyl ester was
obtained using either Sephadex LH-20-50:50 or Lipidex 5000-70:30.



Fig. 4.6: The relationships between separation factor and elution volume
for the methyl esters of PGA2/B0 and PGB-j/B2 on Lipidex 5000, and
PGB2/C2 on both Lipidex 5000 and N1518-62%-LH-20 gels. From left
to right the points on each line refer to solvent mixtures of
70:30, 90:10, 95:5 (not tested with PGB2/C2 on N1518-62%-LH-20),
and 100:0 v/v heptane-chloroform

Elution Volume (% column vol. )

Fig. 4.7: Separation of the methyl esters of PGC?, PGB£ and PGB-] on
N1518-62%-LH-20-100:0 (100% heptane).
Column : 22 x 1 cm. Flow rate : 12 ml/h. Temperature : 23 C



For prostaglandins with side chains in the 8a, 128 configuration,

the 15(R) epimer was always eluted earlier than the 15(S) epimer

regardless of the nature of the substituents at C-9, 10 and 11. On

the other hand, in the two examples where the stereochemistry at

C-12 is altered by the introduction of an 11, 12 double bond this

order of elution was reversed and 15(S) preceded 15(R). Similar

relative mobilities for these 15(S) and 15(R) epimers were also

found on thin layer chromatography using the FVI solvent system

of Andersen.

PGA2, PGB2 and PGC2

It was demonstrated in Section 3 that PGE^ and PGC2 can be
resolved by reversed-phase LGC. However, a markedly superior

separation is obtained by straight-phase LGC of their methyl esters.

The compounds were chromatographed on Lipidex 5000 and N1518-62%-LH-20

using different heptane and chloroform mixtures. Fig. 4.6 shows

the increase in the PGB2/PGC2 separation factor which occurred
with increasing retention volumes in successively less polar solvent

systems. Separation of the two compounds on Lipidex 5000-90:10 is

shown in Fig. 4.4, and Fig. 4.7 illustrates the separation on

N1518-62%-LH-20-100:0. The PGB2/PGC2 separation was one of the
rare examples where a striking difference in separation was found

at the same retention volume on different lipophilic gels (see Fig. 4.6).

The methyl esters of PGAo and PGB2 were chromatographed on
Lipidex 5000 in the same range of solvent mixtures used above, and.

these results are also included in Fig. 4.6. With this pair of

compounds the separation factor became smaller as retention volume



Fig. 4.8: Separation of the methyl esters of 1- and 2-series prostaglandin
and the methyl ester of 15-keto-PGF^ (labelled 15-oxo-PGF2a)
on Lipidex 5000-70:30 (heptane/chloroform v/v). Column :
9 x 390 mm. Flow rate : 15 ml/h. Temperature 23°C.
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increased beyond a certain value, an effect not seen with any

other pair of compounds in this study. However, at its highest

value the PC^/PGE^ separation factor is comparable with the
results obtained by reversed-phase LGC.

Saturated/unsaturated analogues

The introduction of a cis double bond into a fatty acid methyl

ester results in an earlier elution of the compound from a reversed-
1121

phase LGC system ; and a later elution from the straight-phase

LGC systems. Thus, three C£q fatty acid methyl esters chromatographed
on Lipidex 5000-100:0 were eluted in the order arachidate (C.20,

elution volume 58.0% of column volume), eicosenoate (C.20.1, 69.5%)

and arachidonate (C.20.4, 75.0%). For prostaglandins it has been

shown that on reversed-phase LGC, PGE2 is eluted before PGE-j, PGf^a
before PGF, and PGB0 before PGB-, (see Section 3). In contrastla 2 i v '

to the expected opposite order of elution from the straight-phase

LGC systems described here, it was found that these also give an

earlier elution of prostaglandins containing a 5,6 cis double bond.

Fig. 4.8 illustrates this effect within the B, E and F groups of

prostaglandins using Lipidex 5000-70:30. PGF-ja and PGF2a methyl
esters have a separation factor of 1.21 using this system, and they

can easily be resolved. When PGB-j and PGB^ methyl esters were
chromatographed on Lipidex 5000 in less polar solvent systems the

separation factor increased with increasing retention of the compounds

as shown in Fig. 4.6. Fig. 4.7 illustrates the PGB^/PGB^ separation
on N1518-62%-LH-20-100:0 where a resolution of 0.56 was achieved

with a separation factor of 1.13. With PGE-j and PGE2 methyl esters
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Fig. 4.9: The methyl esters of 1- and 2-series prostaglandins chromatography
on Sephadex LH-20-50:50 (heptane/chloroform v/v). Column : 405 x
9 mm. Flow rate : 9 ml/h. Temperature : 23°C
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Fig. 4.10: The methyl esters of 1- and 2-series prostaglandins (and PGF~R
chromatographed on Lipidex 5000-50:50 (heptane/chloroform
v/v). Column : 33 x 1 cm. Flow rate : 8 ml/h. Temperature : 2



only a very poor separation could be obtained on any of the gels.

For instance on NT518-62%-LH-20-90:10 the PGE-j/PGE^ separation
factor was only 1.06 at a retention volume of 1650% of the

column volume.

AnggSrd and Bergkvist described the group separation of

prostaglandin methyl esters on Sephadex LH-20 using a solvent

system of heptane/chloroform/ethanol, 10:10:1 by vol. ^ They

reported that PGE-j eluted before (the respective elution
volumes relative to 3-carotene being 3.13 and 3.26) and that

PGF^ eluted fractionally ahead of PGF^ (4.48 and 4.49 respectively)
This is the reverse of the elution order found in the present study.

With ethanol omitted from the solvent mixture the PGF methyl esters

were retained to about 6 column volumes on Sephadex LH-20, and, as

is obvious from Fig. 4.9, PGF0 was eluted before PGF, . Addition3 2a la

of ethanol to the solvent system greatly reduces the retention

of compounds, so that the elution volumes found by the above authors

correspond to the polar PGF methyl esters being eluted within

two column volumes of solvent. By changing to a system such as

Lipidex 5000-50:50 the elution volumes become more comparable
II

with those achieved using the system of Anggard and Bergkvist,

but in spite of this, an earlier elution of the 2-series prostaglandi

was maintained (Fig. 4.10). It appears, therefore, that the

presence of ethanol (5%) in the solvent system results in an

opposite order of elution from Sephadex LH-20..

Length of a- and co-side chains

The results in Fig. 4.11 show plots of carbon number versus

log elution volume for both a-chain shortening and co-chain elongation
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Fig. 4.11: Relationships between log elution volume and carbon
number for PGB] and PGB2 methyl ester analogues on
Lipidex 5000-95:5 (heptane-chloroform v/v) and for
PGF2a methyl ester analogues on Lipidex 5000-70:30
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Fig. 4.12: Separation of the methyl esters of PGF2n,s PGF]a
and three of their urinary metabolites on
Lipidex 5000-70:30 (heptane/chloroform v/v).
Column : 42 x 1 cm. Flow rate : 7 ml/rt.
Temperature : 1S°-24°C.



of PGB-j, PGB2 and PGF2a methyl esters. The slopes of the former
lines are about 2.7 times greater than the slopes of the latter.

1211
Thus,although a gel filtration effect ' might contribute to

the earlier elution of the compounds with a lengthened co-chain,

the markedly increased retention of the shorter chain prostaglandins

must be predominantly due to a process of liquid-gel partition.

Complete resolution of PGB-j and dinor-PGB-j methyl esters was
achieved on Lipidex 5000-95:5. From these results it appeared

that the B-oxidation products of other primary prostaglandins would

also be resolved by straight-phase LGC. However, when the urinary

metabolites of PGF2a were isolated and tested on these systems
it was found that most of the compounds did not behave as predicted.

Since these metabolites all have structural differences from

PGF2a other than a difference in side-chain length, they are
considered separately below.

Urinary Metabolites of PGF2.,

Fig. 4.12 demonstrates the anomalous behaviour of three

PGF2a urinary metabolites chromatographed on Lipidex 5000-70:30.
The methyl esters of dir,or-PGF1 and tetranor-PGF. were elutedJ la la

in a single peak, separated from their C2Q analogue PGF-j^ methyl
ester. From the results presented in Fig. 4.11 the separation of

the two metabolites themselves would have been expected.

The third metabolite shown in Fig. 4.12, the methyl ester of

5a,7a-dihydroxy-ll-keto(tetranor, w-dinor)-prostane-1,14-dioate,

was eluted very early from the column. An early elution volume

was also found with the methyl esters of 5a,7a-dihydroxy-l1-keto-

tetranor-prostane-1,16-dioic acid and 5a,7a,l6-trihydroxy-l1-keto-



1 = 5a, 7a -Dihydroxy-11 -ketotetranor-prostane-1,16-dioic acid
1L = S-lactone of 1
2 = 5a,7a-Dihydroxy-ll-keto(tetranor,o-dinor)-prostane-

1,14-dioic acid
2L = S-lactone of 2
3 = 5a, 7a, 16-Trihydroxy-11-ketotetranor-prostanoic acid
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Fig. 4.13: Elution volumes of the methyl esters of PGF„
metabolites on Lipidex 5000-60:40 a
(heptane/chloroform v/v).

Fig. 4.14: Different samples of the 5-lactone methyl ester
(compound 1L in Fig. 4.13, above) chromatographed
on two straight-phase LGC systems. The corresponding
peaks are indicated by an arrow.
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tetranor-prostanoic acid. The data is summarized in Fig. 4.13.

These results were in complete contrast to those predicted from

the chromatographic behaviour of the compounds on reversed-phase

systems. Since all the urinary metabolites of PGF^ are eluted
earlier than PGF^ from reversed-phase LGC or Hyflo Supercel
systems, (the result anticipated from their chemical structures),

they would therefore be expected to elute later from the straight-

phase LGC systems used here. In fact the most polar metabolites

were apparently excluded from the gel stationary phase. It is

most likely that this 'exclusion' phenomenon was largely due to

the 11-keto group of the tetranor metabolites, since the same

effect was caused by the equivalent 15-keto group in C^q prostaglandi
(cf this section, Example A). Unfortunately a complete series of

compounds related to PGF^ and its urinary metabolites was not
available, and consequently the structure/retention relationships

could not be exactly defined. From the chromatographic behaviour

of tetranor F^ methyl ester (Fig, 4.12), it appears that the
'tetranor' structure may also contribute to the early elution of

the '11-ketotetranor' compounds.

The 6-lactone derivatives of the tetranor PGF„ metabolites
2a

gave inconsistent results on straight-phase LGC. Thus, on one

occasion the 6-lactone methyl ester derivative of 5a,7a-dihydroxy-

11-ketotetranor-prostane-l,16-dioate showed pronounced tailing,

whereas on another it was eluted as a well-defined peak (Fig. 4.14).

The striking difference in chromatographic profile may have been due

to a difference in the acidity of the solvent mixtures employed

(or of the samples applied to the column). In an acidic solvent a
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Fig. 4.15: The same mixture of esters of a dioic acid
metabolite of PGF2a (see text) chromatographed
on straight-phase and reversed-phase LGC. Column
lengths and other parameters were comparable.
The components were not all conclusively identified.
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methyl ester and mixed 6-1actone/methyI/or butyl esters,
respectively.
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6-lactone would remain stable and it should chromatograph well.

Under basic conditions hydrolysis to the acid would occur, resulting

in adsorption to the gel stationary phase. This could explain

the strongly retained tailing peak seen in one of the examples

above. Addition of 0.1% acetic acid to the solvent mixture would

serve to stabilize the 6-lactone structure and hence give more

reproducible results.

It should be noted that the straight-phase systems give poor

resolution of metabolites which differ in the length of their

side chains. Ester groups of different chain length present a

similar separation problem; the straight-phase and reversed-phase

separation of several derivatives of 5a,7a-dihydroxy-ll-keto(tetranor,

w-dinor)-prostane-l ,14-dioate is illustrated in Fig. 4.15. The

compounds were eluted in a single broad peak using Lipidex 5000-50:50,

whereas five components were resolved using reversed-phase LGC.

4.3 CONCLUDING REMARKS

Straight-phase LGC was found to give excellent resolution

of prostaglandin methyl esters. The gel/solvent systems were of

simple design, yet they could easily be adapted for use with

prostaglandins of a wide range of polarity and for achieving the

separation of closely related analogues. Separation factors generally

increased with increasing elution volume and this was the key to the

separation of many compounds. For any fixed elution volume the

differences in separation factor for the four gels were usually

very smal 1.
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The highly substituted gels have an advantage in that they

can be used in any heptane/chloroform mixture. On the other hand,

the more polar gels give comparable retention volumes with a more

polar solvent mixture, and this could be advantageous when a large

mass of sample is to be chromatographed since a smaller volume

of solvent would be required for the purpose of loading the column.

The practical limit for sample loading without causing zone

2 1211
broadening is reported to be about 50 mg/cm of column area. '

2
The highest load attempted in the present study was 45 mg/cm of a

mixture of 11-deoxy-PGF^ and 1 l-deoxy-PGF2^ methyl esters, and
no peak broadening was noticeable.

The method described is confined to the use of prostaglandin

methyl esters. With simple heptane/chloroform solvent systems the

free acids show pronounced tailing on lipophilic gels. The use of

a more polar solvent system (containing heptane, chloroform, 10%

ethanol and 0.1% acetic acid) will result in satisfactory
1221

chromatography of the free acids. ' Separation of PGA^, PGE£ and
PGFg free acids using Sephadex LH-20 with mixtures of methylene

1231
chloride and methanol as solvent has been reported. '

A basic principle of chromatography is that compounds must be

retarded by the stationary phase in order to achieve separation.

Lipids of low to medium polarity are most soluble in non-polar

solvents and therefore the greatest flexibility and selectivity can

be obtained with a reversed-phase system. However the prostaglandins

are a more polar group of lipids and are easily retained on a straight-

phase or a reversed-phase system. In general, reversed-phase

chromatography is best suited for the separation of compounds which
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differ in the hydrocarbon part of the molecules, whereas straight-

phase systems give a superior separation when the differences lie

in the polar functional groups. This was largely confirmed in the

present study. Thus, straight-phase LGC was found to give large

separation factors for different keto and hydroxy substitutions

and for hydroxy epimers, whereas analogues of different side-chain

length were better resolved by reversed-phase LGC. However, there

were some notable exceptions to the general rule. For example,

investigation of the selectivity of the straight-phase systems

towards changes in the carbon skeleton of the prostaglandin molecule

demonstrated that the separations of PGB^ and PGC2 and of PGF^a and
PGF^ were superior to those obtained by reversed-phase LGC.

In conclusion, the straight-phase LGC of prostaglandin methyl

esters is a useful technique, in many ways complementary to the

reversed-phase method. As shown in the following section, a

combination of the two systems can achieve a very effective isolation

and purification of prostaglandins from complex biological mixtures.



SECTION 5

SEPARATION AND IDENTIFICATION OF PROSTAGLANDIN F2a
METABOLITES FROM RAT URINE AND FAECES
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5.1 INTRODUCTION

51) 52)Grgen ' and Sun ' have previously reported on the metabolism

of in the rat. In both studies 5a,7a-dihydroxy-11-keto-

tetranor-prostane-1,16-dioic acid, (which is the major urinary

metabolite of PGF, and PGFn in man), was identified as one ofla 2a '

the main urinary metabolites. The present study was undertaken

primarily in order to isolate this metabolite in milligram yield

and thus enable a method to be developed for its quantitative

determination in human urine (Section 6).

There are several points of interest in the work described

below:

(i) Reversed-phase and straight-phase LGC were employed for the

separation and purification of the metabolites,

(ii) t-Butyldimethyl sily (t-BDMS) derivatives were used in the

identification of the metabolites. Recent work on t-BDMS

derivatives has shown they are of considerable value in the

GC-MS analysis of steroids,pr0staglandins^^^ and

fatty acidsy^g and acetate derivatives characteristically

undergo extensive fragmentation on electron impact, whereas

t-BDMS derivatives readily undergo elimination of a t^-butyl
radical (57 a.m.u.), giving rise to an ion of high intensity

at the m/e value corresponding to M-57. Usually this ion

constitutes the base peak of the mass spectrum and therefore

the determination of molecular weight is comparatively straight¬

forward.

(iii) TLC of the t-BDMS derivatives was employed both for the

separation and the purification of metabolites prior to GC-MS

analysis.
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(iv) The main urinary metabolites were identified.

(v) The main faecal metabolites were identified. (There have

been no previous reports on the faecal metabolites of any

prostaglandin in any species of animal).

Several metabolites of PGF^ have previously been identified
in the urine of animals and man, and typically the mass spectrum

of one or other of the TMS, TMS-MO, acetate or acetate-MO derivatives

of the methyl ester has been published. Most of the metabolites

detected in the present study were conclusively identified by

comparison with this published data.

5.2 RESULTS AND DISCUSSION

5.2.1 PGF0 METABOLITES IN URINE2a

A Excretion of radioactivity in urine

A total of 10 mg £93-VJ-PGF^ (5.4 mCi/mmole) was administered
to each of three male Wistar rats by subcutaneous injection (2 x 2.5

mg/24 hours). Experimental details are given under Animal Experiments,

Section 2. The pooled urines (collected until 24 hours after the

last injection) were found to contain 62% of the administered radio¬

activity. Analysis of the radioactive metabolites in this sample

is described below.

(In two similar experiments in which J93-^hJ "PGF^a was administered
either as a single 1 mg dose or as a series of 1 mg injections (total,

13 mg per animal), the urinary excretions of radioactivity were

found to average 53% and 55% respectively).
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Diarrhoea was a side effect in most of the animals and was

responsible for a small degree of cross-contamination of urine and

faeces.

Extraction of urine

The urine was acidified to pH3 with 2N HC1 and extracted on

a 300 ml column of Amberlite XAD-2. (Details of Amberlite XAD-2

column chromatography are given in Section 2.2). The combined

aqueous fractions were found to contain 8% of the radioactivity

applied to the column; this material was discarded. The remainder

of the radioactivity (92%) was eluted with methanol.

£ Separation and identification of urinary metabolites

The methanol eluate from the XAD-2 column was evaporated to

dryness, redissolved in 50 ml of methanol and treated with excess

ethereal diazomethane for one hour. One milligram of unlabelled

PGF2a methyl ester was added and the sample was then evaporated
to dryness.

The methylated urine extract was immediately applied to a

column of Lipidex 1000-60:40;7:3 (i.e. solvent system, water/

methanol/l-butanol/chloroform 60:40:7:3 by vol.). Fractions

corresponding to approximately 3% of the volume of the column were

collected and 15 pi aliquots were sampled for liquid scintillation

counting. The resulting chromatogram is shown in Fig. 5.1. The

peak of unlabel!ed PGF^ methyl ester was detected and assayed by
GLC of the TMS ether derivative. No radioactive PGF^ was present
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Fig. 5.1: Separation of the methyl esters of tritium-labelled
metabolites in an extract of rat urine and unlabelled
PGF methyl ester (1 mg added to the extract) on

2a
Lipidex 1000-60:40:7:3 (water/methanol/butanol/
/chloroform by vol.). Column : 44 x 2 cm. Flow rate :
8 ml/h. Temperature : 18-26°C.
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TABLE 5.1

The chemical names of urinary metabolites of PGFg
identified in the present study (designated Compounds I-VI11)

Compound I:

Compound II:

Compound III:

Compound IV:

Compound V:

Compound VI:

Compound VII:

Compound VIII

7a,9a,l3-Trihydroxydinor-prost-l1 trans-enoic acid;

(dinor-PGF, )v lcr

5a,7a,ll-Trihydroxytetranor-prost-9 trans-enoic acid;

(tetranor-PGF-ja)

5ct,7a,ll ,16-Tetrahydroxytetranor-prost-9 trans-enoic acid

5a,7a,ll-Trihydroxytetranor-prost-9 trans-1 ,,16-dioic acid

5a,7a,16-Trihydroxy-11-ketotetranor-prostanoic acid

5a,7a-Dihydroxy-11-ketotetranor-prostane-1,16-dioic acid

5a;7a-Dihydroxy-ll-keto(tetranor, m-dinor)-prostane-l ,14-

-dioic acid

5a,7a,ll-Trihydroxy(tetranor, (jj-dinor)-prostane-! ,14-

-dioic acid (identified as the y-lactone derivative

formed between the ca-carboxyl group and the C-ll hydroxy

group).



in the sample. About 94% of the radioactivity applied to the column

was represented by compounds more polar than PGF£a methyl ester.
The radioactive compounds less polar than PGF2a methyl ester were
eluted with methanol and were not further examined.

Eight tritium-labelled metabolites of PGF£a were identified
and these were designated Compounds I-VI11; their chemical names

are given in Table 5.1; their structures, together with the

metabolic pathways are illustrated in Fig. 5.2. All but one

of the tetranor metabolites were also identified as the corresponding

S-lactone derivative; the 6-lactones were designated as Compounds

IIL, IIIL etc. Mono-ethyl ester derivatives of Compounds VI and VII

were identified; these derivatives were designated as Compounds VH-le

(the 1-ethyl ester of Compound VII), VII-14e (the 14-ethyl ester of

Compound VII), VIIL-l4e (the 14-ethyl ester of the 6-lactone of

Compound VII) etc. The ethyl ester derivatives detected in the

urine sample were almost certainly a contamination from the faeces

and their identification is described in the section on faecal

metabolites.

Most of the metabolites were sufficiently purified by the initial

reversed-phase LGC separation to permit their identification by GC-MS

without resort to further chromatography procedures. However, in

some cases a very complex GLC profile was obtained owing to the

presence of urinary contaminants, 6-lactones (which were invariably

formed from the methyl ester derivatives by reequi1ibration on

standing in the solvent mixture), and other PGF^-related compounds
from adjacent peaks on the reversed-phase chromatogram. Straight-

phase LGC of the methyl ester derivatives or TLC of the methyl ester
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Fig. 5.3: Straight-phase LGC of the material from the reversed-
phase chromatogram (Fig. 5.1) which corresponded
to the methyl ester of Compound VII. Lipidex 5000-
-50:50 (heptane/chloroform v/v). Column : 44 x 2 cm.
Flow rate : 20 ml/h. Temperature : 18°-22°C.
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Fig. 5.4: Straight-phase LGC of the material from the reversed-
phase chromatogram (Fig. 5.1) which corresponded to
the methyl esters of Compounds II-and VI. Lipidex 5000-
-70:30 (heptane/chloroform v/v). Column : 45 x 1 cm.
Flow rate : 8 ml/h. Temperature : approx. 25°C
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t-BDMS derivatives were routinely employed for the further

purification of the metabolites. The following examples illustrate

the methodology.

The major urinary metabolite, Compound VII, was obtained in

pure form by straight-phase LGC of the methyl ester derivative using

Lipidex 5000-50:50 (i.e. solvent system, heptane/chloroform 50:50

v/v). The chromatogram is shown in Fig. 5.3.

The methyl esters of Compounds II and VI were detected in a
•k

single radioactive peak from the reversed-phase chromatogram. The

mixture was completely resolved by straight-phase LGC using Lipidex-

5000-70:30 (Fig. 5.4). The corresponding 6-lactone derivatives

were also separated by this procedure.

The methyl esters of Compounds V and VIII chromatographed as

a single peak on the reversed-phase LGC column. An aliquot from

this peak was converted to the TMS derivative and analyzed by

GC-MS; the presence of the methyl ester TMS ether derivatives of

Compounds V and VIII was confirmed by comparison of their mass spectra

with published spectra.^'^) The presence of a number of other

PGF^-related compounds was indicated by mass spectrometric analysis
of this sample, but not all the components were resolved on the

gas chromatograph. A second aliquot of the reversed-phase LGC peak

was therefore converted to the t-BDMS derivative and subjected to

TLC using the solvent system heptane/ethyl acetate 60:40 (v/v).

The plate was then scanned for radioactivity and the resulting

chromatogram is shown in Fig. 5.5. The five radioactive zones were

scraped off the plate, the radioactive material was eluted with

*

Evidence from other experiments indicated that the methyl esters of
Compounds II and VI are separated by reversed-phase LGC. In the
present example Compound II chromatographed as its 6-lactone derivative
on the reversed-phase column and the methyl ester was subsequently
formed by reequi1ibration in the solvent mixture.



Fig. 5.5: Thin layer radiochromatogram of the t-BDMS ether derivatives
^ material from the reversed-phase chromatogram
(Fig. 5.1) which corresponded to the methyl esters of
Compounds V and VIII. Solvent system : heptane/ethyl acetate
60:40 v/v.



ethyl acetate and the components were analyzed by GC-MS. Two

peaks on the radiochromatogram were accounted for by Compound VII

and its 6-lactone derivative VIIL; their presence was due to the

adjacent position of Compound VIIL on the reversed-phase chromato-

gram (Fig. 5.1). The major peak on the TLC radiochromatogram was

identified as Compound V; its 6-lactone derivative (VL) accounted

for one of the more polar peaks. GC-MS analysis of the remaining

TLC peak indicated the presence of two components in equal

proportion; these were identified as Compound VIII and Compound

IVL, the latter derivative being present owing to its adjacent

position on the reversed-phase chromatogram.

At least two derivatives of each metabolite were analyzed

by GLC and GC-MS. C values of these derivatives, and the of the

t-BDMS ether derivative on TLC, are given in Table 5.II. The

methyl ester forms of the metabolites were conclusively identified

by comparison of the mass spectra of the TMS or acetate derivatives

with published spectra and the references are given in Table 5.III.

These references also quote the prominent ion fragments of the

corresponding 5-lactone derivatives and in a few cases complete mass

spectra are included. In the present study 6-lactone derivatives

were identified by the following criteria:

(1) Reversed-phase LGC; the 6-lactones are eluted before the

corresponding methyl ester.

(2) TLC of the t-BDMS ether derivative; the 6-lactones are more

polar than the corresponding methyl esters.

(3) GLC; derivatives of the 6-lactones show pronounced tailing.

The C values of their TMS ether derivatives are higher than

those of the corresponding methyl esters and this order is'

reversed using the t-BDMS ether derivative.



TABLE 5.II

C values of PGF0 » PGF, and metabolite derivatives on GLC (3% OV-1.
__ 2a la *

220 -260 ) and of their methyl ester t-BDMS ether derivatives on

TLC (solvent system, heptane/ethyl acetate 60/40 v/v)

Compound
C value Rf* of t-•BDMS

(methyl ester)
TMS TMS-M0 acetate acetate-

-M0
t-BDMS

ether on TLC

PGF2a 24.1 - 25.8 - 30.2 0.68

PGFla 24.2 - 26.0 - 30.5 0.68

I 22.7 - 24.2 - 28.7 0.65

II 20.9 - 22.5 - 27.0 0.69

11L 21.9 - N - 26.3 0.44

III 23.6 - N - 32.3 0.66

IIIL 25.0 - N - 31.7 0.52

IV 23.8 - N - 30.2 0.57

IVL 24.9 - N - 29.0 0.28

V 24.3 N 25.6 N 30.6 0.59

VL 25.2 N N N 29.7 0.23

VI 23.8 23.8 24.8 24.8 28.1 0.45

Vl-le 24.3 N N N 28.5 0.47

VIL 24.6 24.6 24.9 24.9 27.3 0.10

VII 21.8 21.8 22.8 22.8 26.4 0.44

Vll-le 22.4 N N N 26.8 0.47

VI IL 22.5 22.7 22.8 22.8 25.2 0.09

VIII 22.2 - N - 26.5 0.28

★

R^ values varied by 0.02 units
A dash indicates that the derivative is not formed

N = not prepared



TABLE 5.Ill

References to published mass spectra of PGF^ metabolites
The corresponding derivatives were prepared and analyzed in
the present study. The reference numbers are given in paretheses.

Compound Complete mass spectrum Prominent ions quoted

I methyl ester TMS (52) acetate (52)

II TMS (52) acetate (52)

III TMS (52)

IV TMS (50)

V " " TMS (44)

VI TMS and TMS-MO (43)
acetate-MO (52)

acetate (43,52)

VII TMS (45) TMS-MO, acetate and
acetate-MO (45)

VIII TMS (45)
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Fig. 5.6: Mass spectra (23 eV) of the TMS ether of the
6-lactone derivatives of Compounds II (top) and
III (middle) and the methyl ester TMS ether of
the 6-lactone of Compound IV.



(4) Hydrolysis and esterification; the S-lactones and methyl esters

are readily interconverted under mild conditions. For example,

the presence of methanol may methyl ate the S-lactone to the

corresponding methyl ester derivative.

(5) Mass spectrometric analysis; prominent ions in the mass spectra
43-451

of the TMS and acetate derivatives have been published. '

In the present study it was found that many of the 5-lactones

show similarities in their mass spectra. As an example the

mass spectra of the TMS ether derivatives of Compounds IIL,

IIIL and IVL methyl ester are given in Fig. 5.6. The base peak

in all three derivatives is present at m/e 265, attributed to

M-(90 pi us the to-side chain beyond C-ll), and this ion accounts

for a large proportion of the total ion current. There are

no published mass spectra of any derivative of these three

5-lactones; the mass spectra of their TMS ether derivatives is

of interest because the S-lactone forms of other tetranor-PGF
a

d 3'
metabolites have been shown to undergo extensive fragmentation. '

In the reversed-phase LGC chromatogram illustrated in Fig. 5.1,

the peaks corresponding to the most polar radioactive compounds are

labelled W, X, Y and Z. They were not present in other samples of

urinary metabolites processed in a similar manner. The material

in peak X was methylated with diazomethane, converted to the t-BDMS

derivative and analyzed by GC-MS. The major component was identified

as the methyl ester t-BDMS ether derivative of Compound VIIL. It

was concluded that the materials in peaks W, X, Y and Z were non-

methylated metabolites (i.e. acid derivatives) which were present

in this particular sample owing to incomplete methylation of the

urine extract.



All the PGF^-related compounds detected in the urine sample
were analyzed by GC-MS of their t-BDMS ether derivatives. Salient

mass spectrometric data on each compound is given in Table 5.IV.

Although the molecular ion was invariably absent, the molecular

weight of the t-BDMS derivatives was readily established from the

presence of small peaks at M-15 and M-31, and of prominent peaks

at M-57 and M-(57 + 132). The latter ion fragment is formed by loss

of a t-butyl radical plus t-butyl silanol. The mass spectra of the

methyl ester t-BDMS ether derivatives of PGF2a, PGF-j^, Compounds
I, II, III and IV are illustrated in Fig. 5.7. The structural

relationships of the compounds can readily be determined from the

mass spectra; difference in molecular weight is obvious from

comparison of the m/e values of the M-57 ions, and ions formed

by loss of the co-side chain (by cleavage between C-15 and C-16,

as designated for a C£q prostaglandin) indicate whether the
difference in mass resides in the a- or co-side chain. The mass

spectra of some t-BDMS derivatives of Compounds VI and VII are

illustrated in Section 6 (subsection 6.2.2A).



TABLE5.IV

Massspectrometrycdataonthemethylestert-BDMSetherderivativesofmetabolites detectedinraturine

Theelectronenergywas23eV.Ionintensitiesaregiveninparenthesesas%ofbasepeak. Compound

M

M-15

M-31

M-57

M-(57 +132)

Othercharacteristicion
fragments

I

684

669

«.

627

495

613(3)481(7)421(18)395(25)289(30)
(0)

(0.8)

(100)

(39)

II

656

641

625

599

467

453(4)393(20)367(12)261(41)
(0)

(1.5)

(1.2)

(100)

(34)

IIL

510

495

-

453

321

439(7)307(20)229(35)207(59)
(0)

(0.5)

(100)

(34)

III

786

771

775

729

597

453(3)391(10)321(10)259(17)
(0)

(1)

(100)

(20)

11IL

640

625

-

583

451

493(7)439(11)319(63)227(51)207(41)
(0)

(0.8)

(100)

(55)

IV•

700

685

669

643

511

537(17)453(12)405(39)437(60)305(80)
(0)

(3)

(2)

(100)

(96)

IVL

554

-

523

497

365

465(5)439(3)273(26)241(45)307(46)
(0)

(0.5)

(100)

(24)

V

672

657

641

615

483

409(10)351(18)277(23)229(31)199(30)
(0)

(0.3)

(0.3)

(7)

(100)

VL

526

511

-

469

337

451(15)377(23)319(50)245(77)227(41)
199(65)185(40)

(0)

(1)

(95)

(100)



CompoundMM-15M-31M-57M-(57
+132)

VI

586

-

555

529

397

(0)

(0.7)

(2)

(100)

Vl-le

600

-

555*

543

411

(0)

(0.8)

(3)

(100)

VIL

440

-

409

383

-

(0)

(2)

(53)

VII

558

-

-

501

369

(0)

(2)

(76)

V11-1e

572

557

527*

515

383

(0)

(0.3)

(0.8)

(3)

(100)

VI1-14e

572

-

-

515

383

(0)

(2)

(88)

VIIL

412

-

381

355

-

(0)

(3)

(36)

VIIbl4e

426

-

395

369

-

(0)

(1)

(27)

VIII

528

513

497

471

339

(0)

(0.2)

(0.3)

(12)

(10)

*M-45

TABLE5.IV,cont.
Othercharacteristicionfragments

323(20)305(39)291(48)143(59) 337(18)319(42)305(19)291(27)143(55) 365(37)351(43)333(57)291(80)259(100)241(91)213(88)143(80) 337(84)277(56)263(100)245(39)231(46)115(55) 351(64)291(51)277(60)263(40)245(27)231(54)115(38) 351(47)291(53)277(100)259(39)245(55)129(83) 337(37)323(48)305(73)263(59)231(100)203(67)115(53) 351(26)337(30)319(47)277(44)245(100)217(35)129(57) 439(1.5)265(34)247(16)233(100)215(54)
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5.2.2 PGF„ METABOLITES IN FAECES
2a

A Excretion of radioactivity in the faeces

A total of 13 mg of [^93-^hJ "PGF^^ (5.4 mCi/mmole) was administered
to each of three male Wistar rats by subcutaneous injection

(2 x 1 mg/24 hours). Experimental details are given under Animal

Experiments (Section 2.8). The combined faeces (collected until

24 hours after the last injection) were stored in methanol at -20°.
Subsequent extraction with methanol/chloroform (as described below)

gave a yield of 14% of the radioactivity administered to the rats.

Analysis of the main radioactive metabolites in this sample is

described. The corresponding urine sample contained 55% of the

administered radioactivity.

(In a similar experiment in which |^93-^hJ"PGF^^ was administered
as a series of 2.5 mg injections (total, 10 mg per animal), approximately

12% of the administered dose was extracted from the faeces and 62%

was found in the urine).

B. Extraction of faeces

The faeces was processed in several batches and the extraction

procedure was varied on different occasions. However, the following

is an account of the method generally employed. The pellets of

faeces were broken up with the aid of a mortar and pestle and

extracted three times with approximately 4 "volumes" of methanol/

chloroform (1:1 v/v). The combined extracts were taken to dryness

on a rotary evaporator and the residue was then suspended in 100 ml

of distilled water. This solution was acidified to pH3 and extracted
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Fig. 5.8: Separation of a methylated extract of faeces
on Lipidex 1000-50:50:5:5. Column : 34 x 1 cm.
Flow rate : 5 ml/h. Temperature : 18-23°C.
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Fig. 5.9: Separation of a faecal extract (which was~

hydrolyzed then methylated) on Lipidex 1000-
-60:40:7:3. Column : 45 x 1 cm. Flow rate : 5 ml/h.
Temoerature : 18-230C.



six times with 2 volumes of ethyl acetate. The aqueous phase,

(which contained about 25-35% of the radioactivity) was discarded.

The ethyl acetate was taken to dryness on a rotary evaporator and

the residue dissolved in 50 ml of 67% methanol. This solution was

extracted twice with 2 volumes of petroleum spirit (80°-100° B.P.)

and the organic phases discarded. The latter procedure removed

the non-polar lipids (about half of the mass of the sample) with a

loss of about 1% of the radioactivity. The aqueous methanol phase

was taken to dryness and the material obtained was redissolved in

methanol.

Separation and identification of faecal metabolites

A faecal extract was methylated with diazomethane and then

chromatographed on a short column of Lipidex 1000-50:50:5:5 (i.e.

solvent system, water/methanol/1-butanol/chloroform 50:50:5:5 by

vol.). The resulting chromatogram is shown in Fig. 5.8. Aliquots

from the fractions containing the highest concentrations of radio¬

activity were analyzed by GC-MS. The main components were

identified and, using the same designations as for the urinary

metabolites, these were the methyl esters of Compounds VI, VI-le,

VII and VII-1e.

Another faecal extract was subjected to alkaline hydrolysis

(0.5N NaOH for 1 hour) followed by extraction on a 2 g column of

Amber!ite XAD-2 and methylation with diazomethane. The sample was

then applied to a column of Lipidex 1000-60:40:7:3. The chromatogram

is shown in Fig. 5.9. The four major components were identified as

the methyl esters of Compounds VI, VIL, VII and VIIL; Vl-le and

Vll-le were absent.
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Fig. 5.9': Mass spectra (23 eV) of the methyl ester TMS ether
derivatives of Compounds VII (top) and VH-le.



The 1-ethyl ester derivatives were identified by their GLC and

GC-MS characteristics. The difference in C value between the

methyl ester TMS ether derivatives of VI and Vl-le (0.5 C) and

between VII and Vll-le (0.6 C) was compatible with the presence of

one ethyl ester group in Vl-le and VII-1e (cf. references 43-45).

Their structures were determined by mass spectrometric analysis. The

mass spectra of the methyl ester TMS ether derivatives of VII and

VII -1 e are shown in Fig. 5.9'. (The former mass spectrum has

previously been published and structures assigned to the prominent

ion fragments). Ions which retain the a-side chain ester group

are present at m/e values 14 a.m.u. higher in VII-1e as compared

with VII, whereas other ions are found at the same m/e values in both

compounds. Thus, ions at m/e values of 254, 294, 337, 366 and 384

in VII are found at m/e values of 268, 308, 351, 380 and 398

respectively in VII -1 e. The prominent ion at m/e 217, due to JjTMSO-CH
CH-CH = 0TMsJ + , is present in both spectra; the two hydroxyl groups
are therefore in their original positions in the cyclopentane ring.

The ions at m/e 115 (c, a cleavage at C-ll), and m/e 297 (formed by

loss of the a-side chain pi us 90), are also present in both spectra.

Thus, the only difference between VII and Vll-le is one methylene unit

and this resides in the a-side chain. When Compound Vll-le was

subjected to alkaline hydrolysis the product was Compound VII. From

this evidence the structure of VII-1e was interpreted as the 1-ethyl

ester derivative of VII. GC-MS analysis of the t-BDMS ether

derivatives (Table 5.IV) confirmed the proposed structure.

Other monoethyl derivatives were identified in an analogous



manner. Mass spectrometric data on their t-BDMS ether derivatives

is given in Table 5.IV. When the 1-ethyl ester, 16-methyl ester

derivative of Compound VI was prepared by chemical means and

analyzed by GC-MS as the t-BDMS ether derivative (see Section 6.2.2C)

the mass spectrum was identical with that of the corresponding

derivative of Compound VI-1e isolated from rat faeces.

The question arises whether the ethyl ester derivatives

detected in the urinary and faecal extracts were of biological origin

It has been reported that tetranor-PGFa acids are esterified in the
presence of methanol, ethanol or butanol into the corresponding

ester derivatives^ and this was confirmed during preliminary

experiments in the present study. In later experiments, including

those described in this section, the use of ethanol was avoided

and therefore the formation of ethyl esters during sample handling

procedures can be ruled out. This conclusion points to a

biological origin for the ethyl ester derivatives. The faecal

metabolites of prostaglandins have not previously been examined but

in the many reported studies on urinary extracts, ethyl esters have

never been identified as metabolites. The formation of these

derivatives in the tissues of the rat is therefore an unlikely

possibility, although it cannot be excluded. A more plausible

explanation is provided in a recent report by Kesley and Thompson on

the esterification of lithocholic acid into ethyl lithocholate by
1311

cultures of rat faecal bacteria; ' reaction occurred under

anaerobic conditions, in the presence of ethanol, and in concentrated

suspensions of bacteria. Although rat faeces was not examined for

the product, the authors speculated that the required conditions for

reaction may be present in the lumen of the rat colon. This could
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explain the presence of ethyl ester derivatives of the two major

metabolites of PGF2 in faeces. Their presence in urine can be
accounted for by contamination from faeces; the 2.5 mg injections

of PGF^ caused diarrhoea as a side effect and this interfered with
complete separation of urine and faeces in the metabolic cages.

Smaller bolus injections of PGF£a have been administered in previous
52 531

investigations on the rat ' ' and urine was collected directly

into a funnel in one of these studies^ The available evidence

supports the conclusion that the ethyl ester derivatives were

synthesized by rat faecal bacteria.

No attempt was made to quantify the proportions of PGF2a
metabolites in rat faeces. The procedure used for the initial

extraction of the faeces included an ethyl acetate extraction step,

and this gave a bias against the more polar metabolites.

5.3 CONCLUDING REMARKS

Initial chromatographic separation of the PGF^^ metabolites
was achieved by reversed-phase LGC of their methyl esters. Metabolites

which differed in the length of their side chains were well resolved,

as were S-lactones from methyl esters and hydroxy metabolites from

their keto and carboxymethoxy counterparts.

The major peaks from the reversed-phase chromatogram were

subsequently purified by straight-phase LGC. It was found that, on

these systems, the methyl ester of the 111-ketotetranor' metabolites

were eluted in a position corresponding to comparatively non-polar

compounds (see Section 4.2.2G for discussion). This anomalous
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chromatographic behaviour proved to be very useful in the purification

of these metabolites because the majority of contaminating compounds

from polar fractions on reversed-phase LGC were strongly retained

on the straight-phase systems. For example, when the methyl ester

of Compound VII was resolved by reversed-phase LGC, a substantial

amount of coloured material remained in the sample; when this

specimen was chromatographed on a straight-phase LGC column all

the visible coloured compounds remained in the first few centimetres

of the column bed while the metabolite itself was eluted in

completely colourless solvent. It should be noted that only a

limited mass of polar material can be dissolved in small volumes

of heptane and chloroform and therefore reversed-phase LGC must

precede straight-phase LGC in order to reduce the mass of sample

to be applied to the straight-phase column.

In addition to GC-MS analysis of the TMS ethers or acetates,

the t-BDMS ether derivatives of all metabolites were examined. The
-i 25-1 30)

main advantages of t-BDMS ethers are their simplified mass spectra '

and stability towards hydrolysis.^ Following overnight reaction of

the methyl esters with t-butyldimethylchlorosilane/imidazole/DMF

mixture, the methyl ester t-BDMS ether derivatives were isolated

by addition of water and extraction with heptane. The method gave

quantitative recoveries of all but the most polar metabolites

(viz. Compounds III and 111L; yield about 70%). The t^-BDMS ethers

were then subjected to TLC, a procedure which was found to be of

considerable value for the further separation and purification of

metab°lites- Under the conditions employed, derivatives

containing one J.-BDMS group had R^, values = 0.1, two groups = 0.25-0.45,
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three groups - 0.5-0.6 and those containing four t-BDMS groups

= 0.6-0.7. Thus, the values provided a preliminary indication

of chemical structure. Recoveries from the thin layer plates were

quantitative. Mass spectrometric analysis of the t-BDMS ethers

revealed that, in addition to the determination of molecular

weight, details of chemical structure can be deduced (Fig. 5.6,

Table 5.IV).

In the extracts of urine from the male Wistar rats given

PGF^ by subcutaneous injection, a total of eight metabolites
were identified. The structures of these compounds are shown

in Fig. 5.2; the metabolic pathways and the percentage of the

administered dose accounted for by each compound (including 6-lactone

and ethyl ester derivatives) are also indicated. The major urinary

metabolite was Compound VII, 5a,7a-dihydroxy-11-keto(tetranor,

w-dinor)-prostane-l,14-dioic acid, which accounted for about half

of the radioactivity found in urine and 27% of the administered

dose. This metabolite has previously been identified, in trace

amounts, in the urine of rat,^ monkey^7 and man.^ In the two

reported studies on the metabolism of (intravenously administered)

PGF^ in the rat, the major urinary metabolites were found to be
Compounds V and VI (female, Sprague-Dawley strain of animals)^
and Compound VI (female, Sprague-Dawley, Upjohn strain)^ In some

respects the metabolism of PGF^ differed in the latter two
investigations, but the major difference was the extent of

metabolism: Compounds V and VI were found in approximately equal

amounts by Gr£en and VII was not detected,^ whereas Sun found

a far greater amount of VI than V and also detected VII.^ In the
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present study, metabolism was found to have proceeded even further,

to yield VII as the major urinary metabolite. The three studies

differ in the strain of animals used, their weight, the dose of

PGF^j the route of administration and whether it was given as a
bolus injection or as an infusion. Further experiments would

be required in order to establish which factors were responsible

for the observed differences in metabolism.

Investigation of the PGF£a metabolites in faeces demonstrated
that the main faecal metabolites were the same as those in urine.

The extraction procedure used in the preparation of faecal

metabolites for LGC undoubtedly gave a bias against the more polar

components, and it is quite possible that faecal and urinary

metabolite profiles are more similar than appears from comparison

of the reversed-phase LGC chromatograms. The presence of ethyl

esters derivatives in the faecal extracts was discussed earlier,

and the tentative conclusion was that they were formed by rat

faecal bacteria.

About one quarter of the administered radioactivity was not

recovered and presumably it remained in the animals or was expired

as tritiated water. The tritium label was in the 98-position and
3

it would be lost as H^O on conversion of the prostaglandin F into
prostaglandin E compounds. This reaction has been shown to occur in

1321
rat tissues in vitro, ' but exogenous E series prostaglandins have

not, as yet, been detected in the urine of PGF2a treated animals.
Methological and biological aspects of the present investigation

were secondary to the main objective: viz. to obtain milligram

quantities of the major urinary metabolite of PGF£a in man (Compound VI).



The study was successful in the latter respect and, in addition,

new methods for the separation and identification of prostaglandin

metabolites were established and new aspects of the metabolism of

PGF0 in the rat were demonstrated.2a



SECTION 6

THE DEVELOPMENT OF A METHOD FOR THE QUANTITATIVE

DETERMINATION OF THE MAJOR METABOLITE OF

PROSTAGLANDINS F, AND F0 IN HUMAN URINE BY STABLEi a 2a

ISOTOPE DILUTION AND COMBINED GAS- CHROMATOGRAPHY-

MASS SPECTROMETRY



Fig. 6.1: The diacid and corresponding 6-lactone forms of
5a,7a-dihydroxy-11-ketotetranor-prostane-1,16-
-dioic acid (i.e. PGF-M)



INTRODUCTION

In connection with studies on the role of PGF0 in bronchial2a

asthma and other diseases, a highly sensitive and specific method

was required for the measurement of prostaglandin F turnover in

man. The compound selected for measurement was 5a,7a-dihydroxy-

11-ketotetranor-prostane-l,16-dioic acid, the major urinary

metabolite of PGF, and PGF0 in man. Reasons for the choice ofla 2a

this compound were discussed in Section 1.3.3. The metabolite is

present in urine as an equilibrium mixture of the diacid and the
43 921

corresponding 6-lactone derivative (Fig. 6.1). ' ' The diacid

form of the compound will be referred to throughout this section

as PGF-M (cf. reference 95).

Several RIA procedures for the analysis of PGF-M have been

reported,78-80) ^ ^ development 0f an ria method could not be

undertaken in the present investigation owing to the limited supply

of reference compound. Hamberg has described a quantitative GC-MS

assay for PGF-M, employing selected ion monitoring (SIM) with a

921
deuterated Ci-methyl oxime derivative as internal standard. ' This

method involves extensive chromatographic purification of urinary

extracts and consequently is capable of a very low sample throughput.

In addition, use of an 0-methyloxime derivative as internal standard

precludes correction for recovery on the first extraction step in the

assay, and limits the choice of derivative for the final GC-MS

analysis. In fact, when the preparation of this internal standard was

attempted it was found that insufficient deuterated 0_-methyloxime
derivative could be prepared from the available supply of PGF-M.
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The aim of the work to be described in this section was to

develop a simplified method for the analysis of urinary PGF-M,

based on stable isotope dilution and SIM mass spectrometry. In

particular, three major aspects of the analytical procedure were

selected for refinement:

i) preparation of a suitable deuterium-labelled analogue of

PGF-M for use as internal standard;

ii) purification of the urinary prostaglandin extracts;

iii) chemical derivatization of PGF-M for gas phase analysis.

The Results and Discussion is divided into three parts;

preparation of the internal standard (section 6.2.1) is followed

by properties of PGF-M which form the basis of the quantitative

analytical method (section 6.2.2) and finally the analytical method

and urinary measurements are described (section 6.2.3).

6.2 RESULTS AND DISCUSSION

6.2.1 PREPARATION OF THE INTERNAL STANDARD: Dimethyl 5c-3H; 4,6,6,X-2H
5a,7a-dihydroxy-11-ketotetranor-prostane-1,16-dioate

The preparation of this derivative from PGE2 is outlined in Fig.
6,2. The method involves alkali-catalyzed deuteration of C-8 and

C-10 in the PGE2 molecule using a reaction which was originally
described as a means of preparing S-iso-PGE^.^ At equilibrium
the mixture of PGE2 and S-iso-PGEg is about 9:1 in favour of the
naturally occurring isomer. Following sodium borohydride reduction

of the reaction mixture, four PGF2 isomers are obtained. The
deuterium atoms at C-8 and C-10 are now in chemically non-exchangeable



Fig. 6.3: Separation of deuterium-labelled PGF2 isomers on Lipidex
1000-60:40:7:3 (water/methanol/butanol/chloroform by vol.
pi us 0.1% acetic acid).



and metabolically stable positions. Deuterated was isolated

by reversed-phase LGC and administered to a Rhesus monkey and

converted in vivo to a mixture of deuterated PGF0 metabolites2a

excreted in urine. The required deuterated metabolite was isolated-

from urine by LGC.

PGE2 (60 mg) was dissolved in 10 ml [jD-^LlJ-carbitol (2-
(2-ethoxyethoxy)-ethanol; Aldrich Chemical Co. Ltd., Gillingham,

England) containing anhydrous potassium acetate (44 mg/ml). After

72 hr at room temperature the solution was cooled to 0°, 40 mg NaBH^
was added and the reaction allowed to proceed for 15 minutes at 0°
and for 45 minutes at room temperature. The solution was diluted

10-fold with water, acidified, and extracted twice with ethyl acetate.

The combined organic phases were washed with 10 ml of water and taken

to dryness on a rotary evaporator. An aliquot of the residue was

subjected to analysis by GLC of the methyl ester TMS derivative. Two

major peaks appeared at the retention times of the corresponding

derivatives of authentic PGF^ and PGF2a (C values 23.7 and 24.1
respectively on M SE-30). Approximately 5% of the material

chromatographed at the retention times expected for ll-deoxy-PGF2
compounds (C values 22.6 and 23.0). The PGF2 isomers in the main
portion of the ethyl acetate extract were separated by reversed-

phase LGC. Fractions from the column eluant were assayed for PGF2a~
like material by gas chromatography of the methyl ester TMS

derivatives using PGF. as an internal standard. Fractions containing3 la

the PGF2a~like material were pooled as shown in Fig. 6.3. This

"fc p
In retrospect [0- H]-carbitol was a poor choice of solvent for the
PGEp/8-iso-PGE? exchange reaction; on subsequent extraction of the
aqueous/alcohoTic solution with ethyl acetate, some carbitol (B.P.
197°) partitions into the organic phase, making the solvent very
difficult to evaporate to dryness. The use of deuterium-labelled
ethanol would be preferable.



compound was taken to be the P^ isomer (i.e. 8a configuration
of the side chain and 9a hydroxy! group) on the basis of the

following evidence:

i) The PGE2/8-iso-PGE2 equilibrium in basic conditions strongly
favours the natural (a) configuration of the side-chain

at C-8.73)

i) The prominent PGF2a and PGF^ peaks from the reversed-phase
column had a separation factor of 1.20 (cf. Section 3 :

PGF^a/PGF^g separation factor was 1.21 on the same chromato¬
graphic system),

i) TLC of the sample (solvent system, ethyl acetate/acetone/

acetic acid, 60:40:1 v/v/v) showed a single prominent spot,

= 0.22 (R.p authentic PGF^ = 0.22).
v) The TMS and t-BDMS derivatives of the methyl ester chromato-

graphed with the corresponding derivatives of the authentic

PGF2a on GLC and their mass spectra were compatible with the
structure of PGF0 labelled with deuterium atoms in the2a

cyclopentane ring.

GC-MS analysis of the methyl ester t-BDMS derivative indicated an

isotopic composition of 22% tetradeuterated, 60% trideuterated,

16% dideuterated, 2% monodeuterated and < 1% undeuterated molecules

determined from the isotopic composition of the M-57 ion. The

alkali-catalyzed deuteration of PGE£ would be expected to introduce
one deuterium atom at C-8 and two more at C-10. Mass spectral

data indicated the fourth deuterium was also in or adjacent to the

cyclopentane ring of the PGF^, but the exact location was not
established. An aliquot of the deuterated PGF^ was subjected to
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Fig. 6.4: Purification of deuterium-labelled PGF-M methyl ester
from the monkey urine extract. (A) reversed-phase
LGC using Lipidex 1000-60:40:7:3 (water/methanol/
/butanol/chloroform by vol.). (B) straight-phase LGC
using Lipidex 5000-50:50 (heptane/chloroform v/v).
The material in peak 3 from (A)'was chromatographed in (B).
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both acidic and alkaline conditions (pH3 for 3 hr and 0.1N NaOH

overnight). This treatment did not change the isotopic composition

of the compound. The main sample was assayed by GLC versus

authentic PGF^a* The yield was 14.5 mg of deuterium-enriched

saline was added. This solution was administered to an anaesthetized

female Rhesus monkey by intravenous infusion at a rate of 500 yg/kg/hr

(see Section 2 for experimental details). About 91% of the infused

radioactivity was recovered in the urine within 2 hr of the end of

the infusion period. In order to minimize dilution of the deuterated

material with endogenous (unlabelled) metabolites, the monkey was

dosed with 25 mg indomethacin orally, 15 hr and 1 hr before the

infusion began. The urine sample was subjected to XAD-2 column

chromatography, methylated with diazomethane and the labelled PGF-M

methyl ester was purified by LGC as illustrated in Fig. 6.4. The

TMS, TMS-MO, t-BDMS and 1>BDMS-oxime (i.e. £-(t-BDMS)oxime t-BDMS

ether) derivatives were prepared and found to have the same C value

on GLC as the corresponding derivatives of unlabelled 5a,7a-dihydroxy-

11-ketotetranor-prostane-l,16-dioate (PGF-M) and analysis of the

mass spectra confirmed the structure of the compound. The isotopic

composition of the deuterated metabolite, calculated from the M-57

ion of the t-BDMS-oxime derivative was 2% pentadeuterated, 25%

tetradeuterated, 55% trideuterated, 16% dideuterated, 2% monodeuterated

and < 1% undeuterated molecules. This isotopic composition is not

significantly different from that of the deuterated PGF^ administered

PGF,
2a *

A mixture of 20 yg 93-"PGF,, (4.8 yCi/ymole) and 10 mg

iF„ was dissolved in 0.5 ml ethanol and 50 ml sterile 0.9%
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to the monkey. There was no loss of deuterium from a sample of the

metabolite subjected to both acidic and alkaline conditions (pH3

for 2 hours and 0.5N NaOH overnight). The yield was 0.5 mg of

deuterium-enriched dimethyl PGF-M (based on the specific activity

of the deuterium and tritium-labelled PGF^). Although this
compound was of mixed isotopic composition, for convenience it will

be referred to as the d^-labelled metabolite.

6.2.2 PHYSICAL AND CHEMICAL PROPERTIES OF THE METABOLITE

A GC-MS DERIVATIVES

Derivatization of PGF-M is required prior to GC-MS analysis.

Although in theory the metabolite can be assayed as a derivative

of either the acid or the 6-lactone form of the compound, in practice

a derivative of the acid is used because the 6-lactone derivatives

tend to show pronounced tailing on GLC. The derivative of choice

should be easily prepared and combine good chromatographic behaviour

with a suitable ion in the mass spectrum for detection and assay

of the compound. The ion should be of high relative abundance in

the mass spectrum (to confer sensitivity) and of high mass (to confer

selectivity). For SIM work the deuterium atoms in the internal

standard must be retained in the ion fragment. Neither the deuterium-

labelled nor unlabelled ions should coincide with a peak in the

mass spectrum of the column bleed (shown in Fig. 6.5) otherwise a

very noisy signal is obtained. A number of possible derivatives

were examined for these properties:- the C values quoted were

measured on 6' or 12' columns of 3% 0V-1 on Gas Chrom Q at 220-260°C.
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(1) Methyl ester TMS ether (C value 23.8, Mass spectrum Fig. 6.6)

The fragmentation of this derivative has been previously analyzed

with the aid of deuterium-labelled protecting groups and by comparison

with the mass spectra of the ethyl ester and of analogues of the

metabolite.^ The base peak, m/e 254, is shifted to m/e 257

in the corresponding derivative of the dg-labelled metabolite, but
the contribution which remains at m/e 254 is too high to permit

sensitive measurement of the unlabelled compound. The ion at m/e 412 in the

d^-labelled metabolite (m/e 415) is present in the mass spectrum
of the column bleed (see Fig. 6.5).

(2) Methyl ester O-methyloxime TMS ether (C value 23.8, Mass

spectrum Fig. 6.7). Analysis of the fragmentation of derivative
43 921

(2) has been reported. ' ' It is used in the GC-MS assay of

PGF-M by the method of Hamberg, the ions monitored being m/e 410

and m/e 414 in the |j0,10,12,12-^H^J -labelled internal standard.^
Under the ionization conditions used in the present study the ion

at m/e 410 in the unlabelled derivative was of slightly lower

relative abundance than reported by Hamberg. E^g at m/e 410 was
about 6%. The ion at m/e 253 (base peak) is not suitable for SIM

assay owing to the high contributions at this m/e value in the

corresponding derivative of the d^-labelled metabolite. For the
same reason m/e 320, M-(2 x 90 + 31), also has to be rejected. In

the formation of this ion fragment the loss of two protons from

the cyclopentane ring accompanies the elimination of two TMS0 groups.

In the case of the dg-labelled derivative (which contains deuterium
atoms in the cyclopentane ring) partial loss of the deuterium label
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occurs, resulting in a comparatively low ion intensity at m/e 323

and an unacceptably high intensity at m/e 320. The ion at m/e 500

is not suitable for SIM assay because the corresponding ion in the

d^-labelled derivative (m/e 503) coincides with a prominent peak
in the mass spectrum of the column bleed (Fig. 6.5).

(3) Methyl ester acetate (C value 24.9, Mass spectrum Fig. 6.8)

The mass spectrum of derivative (3) has not been published, although
43 521

structures have been assigned to the prominent ion fragments. ' '

The base peak, m/e 143, is the w-side chain fragment formed by

cleavage between C-10 and C-ll. The two most prominent ions with

high m/e values are found at m/e 290 and m/e 322. These fragments

are not suitable for monitoring in SIM analyses; in the formation

of the ions, the loss of two protons from the cyclopentane ring

accompanies the elimination of the two acetate groups.'

(4) Methyl ester 0-methyloxime acetate (C value 24.9, Mass

spectrum Fig. 6.9). Ionization of this derivative results in

extensive fragmentation of the molecule. Analysis of the fragmentatf
43 521

has been reported. ' ' The two most prominent ions of high mass,

m/e 320 and m/e 412, are not suitable for SIM assay; formation of

the former ion results in the loss of two protons from the cyclo¬

pentane ring, and the ion corresponding to m/e 412 in the d^-labelled
metabolite (m/e 415) coinicides with a peak in the mass spectrum

of the column bleed. Other ions are of too low mass and/or too low

relative abundance to be considered suitable for SIM assay.
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(5) Methyl ester butyl boronate (C value 24.8, Mass spectrum

Fig. 6.10). There is no information in the literature on butyl

boronate esters of PGF-M. Reaction with butyl boronic acid gave

quantititative conversion to the cyclic diester derivatives,

and these gave a good peak shape on GLC. Analysis of the mass

spectra is aided by the fact that the two major isotopes of boron

(atomic weights 10 and 11) occur naturally in the ratio 1:4

respectively. Therefore ion fragments which retain the boron

atom always show a minor ion due to the isotope one m/e unit

lower down the spectrum. Ion fragments which do not show such

a minor ion do not contain boron. On this basis and also by

comparison with the mass spectra of other derivatives of PGF-M,

structures have been tentatively assigned to certain ion fragments

in the mass spectrum of derivative (5) (see Fig. 6.10). The base

peak (m/e 143) is the u-side chain fragment formed by cleavage

between C-10 and C-ll. The two most prominent ions of high mass,

m/e 290 and m/e 322, have both lost the butyl boronate group plus

two protons from the cyclopentane ring and consequently neither is

suitable for monitoring in a GC-MS assay.

(6) Methyl ester 0-methyloxime butyl boronate (C value 24.8,

Mass spectrum Fig. 6.11). Structures have been tentatively assigned

to certain ion fragments as described for derivative (5). The base

peak m/e 87, may be the a-side chain fragment formed by the cleavage

between C-3 and C-4, or it may be formed by a double McLafferty

rearrangement from C-10, C-ll and C-12 plus (N-OCH^ + 2) (cf.
derivative (2), reference 92). The major ion fragments in the mass
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spectrum of derivative (6) either do not contain the cyclopentane

ring (e.g. m/e 87, m/e 187) or they have lost two protons with

elimination of the butyl boronate radical (e.g. m/e 320). They

are therefore not suitable for monitoring in a GC-MS assay using

an internal standard labelled with deuterium in the cyclopentane

ring.

(7) Methyl ester 0-(t-BDMS)oxime t-BDMS ether (C values 30.0 and
★

30.3, Mass spectra Fig. 6.12). There is no information in the

literature on t-BDMS derivatives of PGF-M. Derivative (7) appeared

as two peaks on the gas chromatogram owing to separation of the

syn and anti isomers. At retention times over 20 minutes on columns

of 2000 theoretical plates the isomers were completely resolved

(peak height in order of elution, 2:3), but at a retention time

of 5 minutes they appeared as a single flat-topped peak. The high

C values of derivative (7) are due to the presence of three t-BDMS

groups in the molecule; each t-BDMS group gives an increase in the

retention time of a compound of about 2.1 C (compared to a TMS

group). The mass spectra of the two isomers of derivative (7) show

mainly differences in the ion intensities.. Interpretation of the

spectra is aided by comparison with the mass spectrum of the

corresponding derivative of the C-j^ (aj-dinor) analogue of PGF-M, 5a,
7a-dihydroxy-ll-keto(tetranor, w-dinor)prostane-l,14-dioate

(derivative (7:^) Fig. 6.12c). The latter derivative appeared as
a single peak on the gas chromatogram. Either the two isomers of

derivative (7:^) do not separate on the gas chromatograph, or more

•k

Mass spectra recorded later under the same conditions had more
prominent M-57 ions and less intense fragments below m/e 200;
base peaks for the two isomers were m/e 115 and m/e 658 respectively.
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likely, the formation of one of the isomers is hindered by the

proximity of the carboxy-methoxy group at C-14. The ion of highest

m/e value in the mass spectra of derivatives (7) and (7:C-j^) is
found at M-57 (loss of a tertiary-butyl radical, m/e 658 in

derivative (7), m/e 630 in derivative (7:C-j^)- A prominent M-57
ion is characteristic of t-BDMS ether/ester derivatives of many

prostaglandins, steroids and straight-chain fatty acids.125-130)
Other prominent ions of high m/e value are due to elimination of

combinations of 57, 131/132 (t-BDMSO, t-BDMSOH) and 31/32 (CH30,
CH30H) (see Fig. 6.12). Since these ions all retain the oo-side
chain there is a difference of 28 mass units between the corresponding

ions of derivatives (7) and (7:C-|^). All ions formed by eliminations
involving the to-side chain have the same m/e values in both

derivatives, e.g. ions at m/e values 385, 311, 295, 221, 179

^M-(2 x 132 + x) cf. derivatives (2), (4), (6) and (8)^, 147, 119
and 105. Although the M-57 ion would be suitable for monitoring

in SIM assay of PGF-M, derivative (7) was rejected because of the

extra derivatization step required in its preparation, because the

high C value necessitates the use of high column temperatures to

give a short retention time, and because the two isomers separate

on the gas chromatograph.

(8) Methyl ester O-methyloxime t-BDMS ether (C value 27.6, Mass

spectrum Fig. 6.13). The structure of certain ions has been

assigned from comparison with the mass spectra of other derivatives.

The ion at m/e 115 which dominates the mass spectrum is probably due

to the to-side chain fragment formed by cleavage between C-ll and C-12

(cf. derivatives (2), (4) and (6)). Other ions are of too low

relative abundance for derivative (8) to be used in the SIM assay of

PGF-M.
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(9) Methyl ester t-BDMS ether (C value 28.1, Mass spectrum Fig. 6.14)

This was the derivative chosen for the SIM analysis of PGF-M from

urine samples. Derivative (9) is simple to prepare, and once

formed it is extremely stable (see subsection B, below). On the

gas chromatograph derivative (9) appeared as a symmetrical peak and

it gave a linear response down to subnanogram levels when passed

through the whole GC-MS system. The mass spectrum contains an

ion of high intensity (m/e 397, m/e 400 in the d^-metabolite)
suitable for monitoring in SIM analyses. Interpretation of the

mass spectrum was aided by comparison with the mass spectra of

derivatives (l)-(8) and also by comparison with the mass spectra

of derivatives (10), (11), (12), (13) and (14) (see Fig. 6.15,16,

17,18 and 19 respectively). The base peak m/e 397, is due to

elimination of 57 plus t-BDMS-OH from the molecular ion. This

interpretation is supported by the m/e values of the correspond!ng

M-(57 + 132) ion in the d^-labelled metabolite (derivative (10),
m/e 400), in the 1-ethyl, 16-methyl ester (derivative (11), m/e 411),

in the ethyl ester (derivative (12), m/e 425) and in the methyl

and ethyl esters of the C-.^ (co-dinor) analogue of PGF-M (derivatives
(13) and (14), m/e 369 and m/e 397, respectively). By the same

method of comparison the prominent ion at m/e 143 in the mass

spectrum of derivative (9) can be shown to be the w-side chain

fragment formed by cleavage between C-10 and C-ll. Ions formed by

eliminations involving one of the methoxy groups can be proved to

be due to loss of the group at C-l or the group at C-16 by examination

of the mass spectrum of derivative (11). For example the M-(132 + 31)

ion at m/e 423 in derivative (9) is shifted 14 mass unit to m/e 437
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in derivative (11); the ethyl ester group at C-l has been retained

in the latter fragment and therefore the M-(132 + 31) ion must be

due to loss of t-BDMS-OH plus the methoxy group at C-16. Other

fragmentations have been deduced by smilar comparisons between the

derivatives of PGF-M and also by comparison with derivatives of the

C-|^ (u-dinor) analogue, and these are included in Fig. 6.14. At
m/e 397 in derivative (9), M-(57 + 132), Z^g was 19%. This high
intensity at M-(57 + 132) makes for very sensitive detection of

the metabolite when the GC-MS is used in the ion monitoring mode.

In derivative (10), (the dg-labelled metabolite), the isotopic
composition measured at M-(57 + 132) was 17.5% tetradeuterated,

44.8% trideuterated, 30.8% dideuterated, 6.2% monodeuterated and

0.7% undeuterated. A reduction in the isotopic composition of

the dg-labelled metabolite is seen at M-(57 + 132) because loss
of one proton from the cyclopentane ring accompanies the elimination

of a t-BDMSO radical. Nevertheless the ratio m/e 397/400 was

0.015 in derivative (10), which is a sufficiently low value for

sensitive determination of the unlabel led metabolite in the presence

of the dg-labelled analogue.
The amount of dg-labelled PGF-M (D) which should be added to

urine samples for subsequent assay of the endogenous metabolite (H)

by SIM recording of m/e 397 (dg) and m/e 400 (dg), was estimated by
the following calculation:

- Take the "normal" level of H in urine to be 10 yg/24 hr

i.e. approximately 5 ng/ml (cf. reference 92), and assume

a 10 ml aliquot of urine is taken for the assay.



Assume the assay must be able to detect 5% of the "normal"

level of H in urine.

The ratio dQ/d^ in D is 0.015. This is the blank value when
no H is present.

Assume double the blank value is the minimum value of dg/d^
which is detectable as significantly different from the

blank.

One part by weight of H measured at dg gives the same
absolute response as 1.6 parts by weight of D measured at

dg. (Since D has considerable contributions at d-|, and
d^ which are not monitored, the response of D at d^ is lower
than the same mass of H at dg).

5% of "normal" output of H = 0.05 x (5 x 10) ng/10 ml

= 2.5 ng H

2.5 ng of H must double the blank value of dg/d^ in order
to be detectable.

An increase in dg/d^ of 0.015 = 2.5 ng H.
When ^g/d^ = ^

H = 2.5/0.015 ng

= 167 ng

However 1 part by weight of H is equivalent to 1.6 parts

by weight of D.

When = ^

D = 167 x 1.6 ng

= 256 ng
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This value, i.e. 256 ng of d^-labelled PGF-M, is the approximate
amount of labelled metabolite which should be added to a 10 ml

aliquot of urine to enable down to 5% of normal endogenous

metabolite output to be determined by SIM analysis.

The mass spectra shown in Fig. 6.14 of the methyl ester t-BDMS

ether derivative of PGF-M (derivative (9)) was recorded at an

ionization potential of 23 eV. It was found that using higher

electron voltages there was considerably more fragmentation of

the molecule. This effect is illustrated by a mass spectrum of

derivative (9) recorded at 60 eV (Fig. 6.20). E^q at m/e 397 was
reduced to about 1% and it can be seen that a large part of the

total ion current is accounted for by ions of comparatively low

m/e value. However on occasions when SIM analysis had to be

performed at 60 eV (because of a fault resulting in instability

of the GC-MS at lower electron voltages) it was found that it was

still possible to assay PGF-M from urine samples.

B STABILITY OF THE METHYL ESTER t-BDMS ETHER DERIVATIVE

1. Protic solvents Unlike the corresponding TMS ether, the t-BDMS

ether derivative of PGF-M methyl ester (and of other prostaglandins)

is stable in the presence of water. (The method of preparation of

the t^-BDMS ether derivatives involves reaction with t-BDMCS/.

imidazole reagent in dimethylformamide followed by quenching with

water and extraction into heptane or hexane). The jt-BDMS ether of

PGF-M methyl ester is also stable in the presence of methanol.

Methanolic solutions of the derivative were injected into a GC-MS
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system using injection port and column temperatures of 300° and

280° respectively. The signal obtained by SIM detection of m/e

397 was comparable with the signal found for samples of the

derivative injected in ethyl acetate or heptane.

2. Thin layer chromatography The t-BDMS ether of PGF-M methyl

ester appeared to be more stable on silica gel than the underivatized

methyl ester. Elution from silica gel with ethyl acetate gave a

quantitative recovery.

Two solvent systems were found useful for the purification of

prostaglandin t-BDMS ether (and t-BDMS ester) derivatives. The

solvent system, ethyl acetate/n-heptane 40:60 (v/v), (PGF-M methyl

ester t-BDMS ether R^ = 0.45) was routinely employed. The R^
values of some PGF£ metabolite derivatives were given in Section 5.
The solvent system, benzene/methanol, 95:5 (v/v), (PGF-M methyl

ester t-BDMS ether R^ = 0.56) was used when further purification
of a sample was required prior to GLC or GC-MS analysis. The presence

of methanol in this solvent system may give more of a liquid-liquid

partition mechanism of separation compared to the liquid-solid

absorption mechanism expected with the ethyl acetate/heptane system.

When 10 ng, 100 ng and 1 yg samples of PGF-M methyl ester t-BDMS

ether were subjected to thin layer chromatography, a quantitative

recovery was obtained in each case. Samples of the derivative

(1 yg) which were subjected to thin layer chromatography were 95%

pure when recovered from the plates six weeks later.
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Fig. 6.21: Thin layer radiochromatograms of the products obtained by hydrolysis
and remethylation of PGF-M methyl ester. See text for details.
TLC solvent system : organic layer of ethyl acetate/methanol/water/
acetic acid 110:40:100:5 by vol.



ALKALINE HYDROLYSIS OF THE METHYL ESTER DERIVATIVE

The methyl ester of PGF-M is hydrolyzed to a different product

by pHIO sodium borate buffer as opposed to 0.5N NaOH. In one

experiment aliquots of J^53-^hJ-PGF-M methyl ester (2 yg, 30,000 CRM)
were treated either with distilled water, 0.1M sodium borate

buffer pHIO, or 0.5N NaOH. After 2 hours at room temperature the

solutions were acidified and the products extracted with 10 volumes

of ethyl acetate. The recoveries of radioactivity were 83%, 80%

and 55% of the distilled water, pHIO buffer and 0.5N NaOH samples

respectively. Half of each sample was remethylated with diazomethane

Radioactive compounds in the non-methylated and methylated extracts

were subsequently separated by thin layer chromatography (Fig. 6.21).

The results of this experiment were interpreted by reference to

conventional methods of hydrolysis of the methyl ester to the

diacid derivative of PGF-M,^ from the behaviour of the methyl

ester and diacid derivatives on the TLC system and, in separate

experiments, by GC-MS analysis of the hydrolysis products.

Fig. 6.21a The methyl ester derivative of PGF-M (R^ = 0.67) was
stable in distilled water. The small peak due to the 6-lactone

methyl ester derivative (R^ = 0.60) was also present in the stock
solution of the methyl ester.

Fig. 6.21b In 0.1M sodium borate buffer (pHIO), the methyl ester

was hydrolyzed to a more polar product (R^ = 0.53). The identity
of this product was established in a separate experiment by nydrolysi

of 20 yg of the methyl ester in pHIO buffer followed by extraction

and derivatization to the ethyl ester t-BDMS ether derivative. On
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thin layer chromatography of this derivative (solvent system, ethyl

acetate/heptane, 40:60 v/v) a major peak was present (R^ = 0.46) and
also a minor peak (R^ = 0.10) which was interpreted to be the
6-lactone derivative of the compound. The major TLC peak also

appeared as a single peak on GLC (C value 28.5; cf. methyl ester

t-BDMS ether C value 28.1, ethyl ester t-BDMS ether C value 29.0),

and the mass spectrum was illustrated earlier in Fig. 6.16. The

M-(132 + 57) ion in the mass spectrum of the methyl ester t-BDMS

ether (m/e 397) is shifted 14 mass units to m/e 411, whereas the

w-side chain fragment (m/e 143) is at the same mass in both

derivatives. This proves that a 1-ethyl ester, 16-methyl ester

t-BDMS ether derivative of PGF-M was formed. If the two ester

groups were in the reciprocal positions at C-l and C-16, the M-(132 + 57)

ion would be found at m/e 411 and the w-side chain fragment at m/e

157. However there was no evidence for the presence of such a

derivative either before, during or after the appearance of the

GLC peak of the 1-ethyl, 16-methyl ester t-BDMS ether derivative

of PGF-M. It was concluded from the results of this experiment that

the pHIO hydrolysis product of PGF-M methyl ester was the 1-monoic

acid, 16-methyl ester derivative of PGF-M. In Fig. 6.21b the minor

radioactive peak (R^ = 0.60) is the 6-lactone methyl ester derivative
of PGF-M which is formed from the corresponding 1-monoic acid

derivative by the acidic conditions used in the ethyl acetate extraction.

Fig. 6.21c Treatment of the methyl ester derivative with 0.5N NaOH

for 2 hours gave hydrolysis to the diacid derivative (R^ = 0.36)
(cf.. reference 43). This was confirmed in a separate experiment

in which 20 yg of the methyl ester was hydrolyzed in 0.5N NaOH and

the product extracted and converted to the ethyl ester t-BDMS ether
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Fig. 6.22: Hydrolysis of PGF-M methyl ester and its S-lactone derivative
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derivative. The mass spectrum (Fig. 6.17) proved that the methyl

ester groups at C-l and C-16 had been removed by treatment with

0.5N NaOH and esterification with ethyl iodide gave the ethyl ester

derivative of PGF-M.

Fig. 6.21d The samples treated with distilled water, pHIO buffer

and 0.5N NaOH each chromatographed as the methyl ester derivative

of PGF-M (R^ = 0.67-0.69) after methylation with diazomethane. A
small peak due to the 6-lactone methyl ester derivative (R. = 0.60)

was also present.

The results of this experiment are summarized in Fig. 6.22.

Further experiments conducted along the same lines demonstrated that

the 1-monoic acid, 16-methyl ester is the major hydrolysis product

formed from the methyl ester on overnight incubation in pHIO buffer.

The presence of methanol in pHIO solution inhibited the hydrolysis

of PGF-M methyl ester. This was demonstrated in an experiment

in which the rate of hydrolysis was followed by using the fact that

the methyl ester derivative partitions very favourably into chloroform

or dichloroethane at pH 1-10, whereas the 1-monoic acid, 16-methyl

ester derivative will not extract into these solvents at alkaline

pH, but can be extracted at pH < 3, and the diacid derivative

cannot be extracted at any pH value (see subsection D, below).

Aliquots of the methyl ester (9000 cpm) were treated with methanol:

pHIO sodium borate buffer in the ratios 0:10, 1:10 and 1:1 (v/v),

and also with acetone:pH10 buffer in the ratio 1:1 (v/v). After 2

hours at room temperature, water was added and the solutions were

extracted with chloroform. The organic phases, containing the

non-hydrolyzed methyl ester derivative, were transferred to counting



TABLE 6.1

The hydrolysis of PGF-M at pHIO in the presence of

methanol or acetone

pHIO Buffer:Solvent
v/v

extracted at pHl0(%)
(non-hydrolyzed methyl
ester)

extracted at pH3(%)
(1-monoic acid, 15-
-methyl ester formed)

Methanol

10 : 0 < 1 65

10 : 1 2 N

10 : 10 54 N

Acetone

10 : 10 < 1 62

N = Not measured
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vials, evaporated to dryness and subjected to liquid scintillation

counting. The sample of pHIO buffer only, and the acetone:pH10

buffer (1:1 v/v) sample were acidified and extracted twice with

2 volumes of chloroform and the organic and aqueous phases counted

as described above. The results of the experiment are summarized

in Table 6.1. It can be seen that increasing concentrations of

methanol gave progressively more non-hydrolyzed methyl ester

remaining in the pHIO buffer phase, whereas acetone did not

affect the rate of the reaction. The hydrolysis products could

be extracted into chloroform at pH3, proving that the 1-monoic

acid, 16-methyl ester was the derivative formed at pHIO.

Some difficulties were encountered in attempting the pHIO

selective hydrolysis on PGF-M methyl ester which was present in

methylated extracts of urine. The bulk of the lipid material

is too non-polar to dissolve in water and PGF-M methyl ester
in the

remains/1ipid phase and is not subject to hydrolysis. Addition of

a polar organic solvent is required prior to adding the pHIO buffer.

A suitable organic solvent should solubilize the sample and also

allow the selective hydrolysis reaction to proceed. Three solvents

were tested for these properties using methylated XAD-2 extracts

of 10 ml of urine containing added radioactively-labelled PGF-M

methyl ester.

Acetone : pHIO buffer (1:1 v/v, 1 ml). Although this mixture gave

a clear solution of the urinary lipids, approximately 50% of the methyl

ester derivative remained unhydrolyzed after 2 hours at room

temperature. It was previously shown that pure solutions of PGF-M

methyl ester were completely hydrolyzed by pHIO buffer in the presence
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of an equal volume of acetone. However the reaction was consistently

found to be inhibited by the presence of urinary lipids, although

the reason for this interference was not established. The use

of acetone as a solubilizing agent was rejected on these grounds.

Dimethylformamide : pHIO buffer (1:10 and 2:10 v/v, 5 ml or 2 ml

respectively). A clear solution of urinary lipids was obtained and

the rate of the selective hydrolysis reaction was not impaired.

However, one disadvantage of using dimethylformamide is that on

extraction of the hydrolysis product with chloroform or dichloroethane,

some dimethylformamide (B.P. 152°C) partitions into the organic

phase, making the solvent difficult to evaporate to dryness.

Methanol : pHIO buffer (1:10 v/v, 2 ml). On adding the pHIO buffer

to a methylated extract of urine which is dissolved in methanol,

an opaque yellow emulsion is obtained. This very fine suspension-

shows no tendency to settle out into two phases, and it becomes

more translucent as the hydrolysis reaction proceeds. In some cases

approximately 25% of the PGF-M methyl ester was unhydrolyzed after

2 hours at room temperature, but the reaction always approached

completion when the sample was left standing overnight.

Dimethylformamide or methanol used in the volumes given above

were therefore considered to be the best sol utilizing agents for

performing the selective hydrolysis of PGF-M methyl ester in the

presence of urinary lipids.

D PARTITION COEFFICIENTS OF DERIVATIVES OF THE METABOLITE

The values of partition coefficients were determined by counting
3

aliquots of H-labelled PGF-M derivatives sampled directly from

the two liquid phases.
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TABLE 6.II

Partition coefficients of the diacid derivative

of PGF-M

Sol vent
Partition Coefficient
(Organic/Aqueous)

pH3

Partition Coefficient
(Organic/Aqueous)

pHIO

Heptane < 0.01 < 0.01

Chloroform II II

Dichloroethane II II

Dichloromethane II II

Diethyl ether
II II

Ethyl Acetate 0.2 II

1-Butanol 3.5 II

TABLE 6.Ill

Partition coefficients of the methyl ester derivative

of PGF-M

Sol vent
Partition Coefficient
(Organic/Aqueous)

pH3-10

Heptane, Hexane < 0.01

Chloroform >10

Dichloroethane >10

Dichloromethane >10

Diethyl ether 0.5

Ethyl Acetate 0.5

1-Butanol >10



(i) Pi acid derivative The results are summarized in Table 6.II.

Of the solvents tested only ethyl acetate and 1-butanol gave a

substantial extraction from pH3 aqueous phase.

(ii) Methyl ester derivative The results are summarized in Table 6.

III. The change in the partition coefficient from distilled water

into a series of mixtures of chloroform and heptane is illustrated

in Fig. 6.23. A small but variable percentage of the 6-lactone

methyl ester derivative of PGF-M was always present in the stock

solutions of the methyl ester, and the lower partition coefficients

of this radioactively-labelled derivative obscured the true

partition coefficients of PGF-M methyl ester. Values of the

partition coefficients of the methyl ester derivative in Table 6.Ill

are therefore given as greater than the minimum values measured.

iii) 1-Monoic acid/5-1actone-16-methyl ester derivative Partition
coefficients determined for this derivative are meaningless unless

it is known whether the acid or 6-lactone form of the compound is

present. The relative proportion of the acid and 6-lactone depends

on the pH of the aqueous phase and the time the derivative is

subjected to acidic/alkaline conditions. Experiments on the rate

of formation and the rate of hydrolysis of the 6-lactone methyl

ester from the corresponding 1-monoic acid form of the compound

are reported in subsection E, below.

RATES OF FORMATION AND HYDROLYSIS OF THE 6-LACTONE METHYL ESTER

DERIVATIVE

(a) Rate of formation A sample of PGF-M methyl ester (70,000 CPM)



6.24: Formation of the S-lactone methyl ester derivative
of PGF-M at different pH values versus time.
See text for experimental details.
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was subjected to hydrolysis in 1 ml of pHIO sodium borate buffer

for 4 hours at room temperature, then extracted with 3 volumes of

dichloroethane to remove any non-hydrolyzed methyl ester. This

gave a preparation of the 1-monoic acid, 16-methyl ester derivative

of PGF-M in pHIO buffer. Aliquots of this solution (50 pi, 3500 CPM)

were added to a series of tubes containing 4 ml of pHIO sodium

borate buffer which had previously been acidified to pHl, pH2 or

pH4. After standing at room temperature for 0, 5, 10, 30, 60 or

120 minutes the solutions were extracted with dichloroethane.

Aliquots (2 ml) of the organic and aqueous phases were transferred

to counting vials, the solvent evaporated, and the levels of

radioactivity determined by liquid scintillation counting. The

results of this experiment are expressed in Fig. 6.24 as the

percentage of radioactive PGF-M in the organic phase versus time

spent in the aqueous phase prior to extraction. At zero time,

the level of radioactivity in the organic phase is a reflection of

the partitioning of the 1-monoic acid, 16-methyl ester derivative.

Incubation in the acidified buffer solutions resulted in formation

of the neutral S-lactone methyl ester derivative, and this is

reflected by increased radioactivity in the organic phase. The

reaction proceeded extremely rapidly at pHl ; the sample at zero

time is higher than the corresponding pH2 sample, undoubtedly due

to some 1actonization having taken place while the organic and

aqueous phases were mixed ; 1actonization was complete by the time

the next measurement was made (10 minutes). At pH2 the reaction

was essentially complete after 1 hour. At pH4 the 1-monoic acid,

16-methyl ester derivative did not extract favourably (see Fig. 6.24),

and the rate of 1actonization was extremely slow.
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Fig. 6.25: Hydrolysis of the 6-lactone methyl ester derivative
of PGF-M at different pH values versus time.
See text for experimental details.



109.

(b) Rate of hydrolysis A sample of PGF-M (550,000 CPM) was

subjected to pHIO hydrolysis, extracted with dichloroethane to

remove any non-hydrolyzed methyl ester, acidified to pH2 and

allowed to stand for 1 hour. The solution was then extracted

with dichloroethane and the organic phase back-extracted with

pH8 sodium borate buffer to remove any acid derivatives of PGF-M

which were present. The dichloroethane, containing the 5-lactone

methyl ester derivative, was evaporated to dryness and the extract

dissolved in 1 ml of methanol. Aliquots of this solution (25 yl,

4500 CPM) were added to a series of tubes containing either pH8

or pHIO sodium borate buffer and a single aliquot was added to a

pH3 solution. The samples were extracted at 0, 2, 5, 15 or 60

minutes as described above and the results are illustrated in

Fig. 6.25. At zero time the level of radioactivity in the organic

phase is a reflection of the partitioning of the 5-lactone methyl

ester derivative; the results are essentially identical for the
★

pH3, pH8 and pHIO solutions. The 6-lactone is stable at pH8,

whereas a slow hydrolysis to the 1-monoic acid form of the compound

was observed at pHIO.

F ESTERIFICATION OF THE ACID DERIVATIVES OF PGF-M

Treatment of the 1-monoic acid or the diacid derivatives of

PGF-M with diazomethane gave a good yield of the methyl ester

derivative. However the reaction cannot be guaranteed to proceed

to completion owing to the presence of the corresponding 6-lactone

•k

The values obtained in the previous experiment after complete
lactonization at pHl or pH2 (70% extraction) are lower than the
results above (93% extraction). The presence of some diacid derivative
in the "1-monoic acid" added to the acidified buffers would account
for the lower % extraction.
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derivatives. An alternative method of methylation would be the use

of tetramethylammonium hydroxide/methyl iodideJ06^ Since this

reaction is performed under basic conditions, hydrolysis of the

6-lactone derivatives might be effected before addition of the

methyl iodide, and a quantitative conversion to the methyl ester

subsequently obtained.

A sample of the 5-lactone methyl ester derivative of PGF-M

was prepared as described in subsection E. Aliquots of this

solution (40,000 CPM) were treated as follows:

(1) Control: add no reagents.

(2) Dissolve in 0.4 ml of dimethylformamide (DMF) plus 0.1 ml of

0.5M tetramethylammoniurn hydroxide (TMAH) in methanol and add

20 pi of methyl iodide within one minute of adding the

other reagents.

(3) Dissolve in 0.1 ml of 0.5M TMAH in methanol, and after 1 hour

add 0.4 ml of DMF followed by 20 pi of methyl iodide.

(4) Dissolve in 0.1 ml of 0.5M TMAH in methanol and after 1 hour

add 0.4 ml of DMF, but no methyl iodide.

Samples (2) and (3) were allowed to react with methyl iodide

for 30 minutes, 2 ml of water was then added and the products

extracted into dichloroethane. The recovery of radioactivity was

about 90% in samples (2) and (3), whereas 0% recovery was obtained

when sample (4) was extracted. After evaporation of the solvent,

samples (l)-(3) were converted to the t-BDMS ether derivatives and

subjected to thin layer chromatography (solvent system, ethyl

acetate/heptane, 40:60 v/v , 6-lacto'ne methyl ester t-BDMS ether
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Fig. 6.26: Thin layer radiochromatograms of the products obtained
by methylation of PGF-M methyl ester 6-lactone derivative
(chromatographed as their t-BDMS ethers). See text for
details. TLC solvent system : heptane/ethyl acetate 60:40 v/v



= 0.09, methyl ester t-BDMS ether = 0.45). The results of

this experiment are shown in Fig. 6.26. The control sample, (1),

chromatographed as a single peak of radioactivity corresponding to

the 6-lactone methyl ester t-BDMS ether derivative of PGF-M.

Approximately 70% conversion to the methyl ester derivative was

achieved by immediate reaction of sample (2) with methyl iodide.

Sample (3) chromatographed entirely as the methyl ester t-BDMS

ether derivative of PGF-M, thus proving that hydrolysis of the

6-lactone derivative had been achieved by treatment with TMAH for

1 hour, prior to adding the methyl iodide.

THE QUANTITATIVE DETERMINATION 0FvPGF-M IN URINE BY STABLE ISOTOPE

DILUTION AND COMBINED GAS CHROMATOGRAPHY-MASS SPECTROMETRY

PRINCIPLE OF THE ANALYTICAL METHOD

The assay of PGF-M in urine is based on the use of d^-labelled
metabolite as internal standard and determination of the ratio

between unlabel led and deuterium-labelled molecules by SIM analysis

of the t-BDMS ether derivative of the dimethyl dioate.

The analytical procedure was developed with reference to the

physical and chemical data reported in the previous sub-section.

Fig. 6.27 illustrates the formation and interconversion of PGF-M

derivatives through the various steps in the method,

(i) Equilibration of urinary PGF-M with the internal standard In

the assay of PGF-M in urine, a known amount of the methyl ester of

the d^-labelled metabolite is added to the sample to be analyzed
and the mixture is allowed to stand under alkaline conditions (pH >
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at room temperature overnight. This treatment results in

quantitative hydrolysis of the d^-labelled PGF-M methyl ester and
in ring-opening of the 6-lactone form of the endogenous metabolite

(subsection 6.2.2c). The internal standard and the urinary PGF-M

are thus converted to the same chemical species, namely the salt

of the dioic acid, and are equilibrated prior to extraction from

urine. This equilibration step is essential whether the internal

standard is added to the urine as its methyl ester or acid derivative.

The object is not to prepare the dioic acid form of the metabolite

per se, but to ensure that the unlabelled and d^-labelled metabolite
are present in the same proportion of their dioic acid versus

6-lactone derivatives, (in this case 100% dioic acid). Once

equilibration is achieved a fixed ratio of unlabelled to d^-labelled
molecules will be present in any derivative of the metabolite which

is prepared. Since this step is performed in the urine sample

itself, the internal standard will correct for losses of the

endogenous metabolite throughout the extraction and derivatization

procedures. In this respect the present method has an advantage

over the method of Hamberg.^ The internal standard employed in

the latter procedure is a deuterated methoxime derivative of PGF-M

and consequently the endogenous metabolite must be extracted and

converted to the same derivative before the alkaline equilibration

step can be performed.

(ii) Extraction and methylation The metabolite is extracted from

urine using a small column of Amberlite XAD-2, the acidic conditions

employed causing partial conversion of the dioic acid to its 5-lactone

deri vati ve.
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The corresponding methyl esters of the metabolite are prepared

by treatment of the urinary extract with TMAH/methyl iodide, and

following the addition of water to the reaction mixture the

derivatives are extracted into dichloroethane, while polar lipids

and conjugates remain in the aqueous phase and are discarded.

(iii) Selective hydrolysis/back extraction purification The

material recovered in the dichloroethane phase is subsequently

allowed to stand in pHIO borate buffer overnight, resulting in

selective hydrolysis at the C-l position of both the methyl ester

and 5-lactone methyl ester derivatives (subsections 6.2.2C and 2E).

Extraction with dichloroethane at this stage serves to remove

basic and neutral components of the urinary extract (including methyl

esters which are not hydrolyzed at pHIO).

The aqueous phase is then acidified to pH2 and allowed to

stand at room temperature for 1 hour, resulting in dehydration of

the 1-monoic acid, 16-methyl ester to the 6-lactone methyl ester

derivative (subsection 6.2.2E). This neutral compound is then extracted

into dichloroethane after the aqueous phase has been returned to

pH8. (It was shown earlierthatthe 6-lactone methyl ester is stable

at pH8 for at least 2 hours (subsection 6.2.2E)). At pH8 only a

very small proportion of the most non-polar urinary acids are

extracted with the PGF-M 6-lactone methyl ester derivative.

The net result of this selective hydrolysis/back extraction

sequence is to effectively remove all basic and neutral urinary

metabolites, together with most of the urinary acids, and to give

a 50- to 100-fold purification of the extract.

(iv) Remethylation PGF-M 6-lactone methyl ester is converted back



ng UNLABELLED METABOLITE (added to 2Q0ng deuterated metabolite )

Fig. 6.28: Standard curve for SIM analysis of PGF-M
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to the methyl ester derivative. Advantage is taken of the basic

conditions of the methylation procedure to obtain the 6-lactone ?=*

5-hydroxy acid 5-hydroxy ester as a favourable equilibrium

(subsection 6.2.2F).

(v) Silylation and final purification The methylated extract

is treated with jt-butyldimethylchlorosilane/imidazole/DMF reagent,

and following the addition of water to the reaction mixture the

methyl ester t-BDMS ether derivative of PGF-M is extracted

quantitatively into heptane. At this step about half of the

urinary contaminants remain in the aqueous phase and are discarded.

The metabolite derivative is purified by TLC prior to the

GC-MS assay.

(vi) Multiple ion analysis The GC-MS instrument is focussed

to monitor the ion intensities at m/e 397 (base peak of the methyl

ester t-BDMS ether derivative of unlabelled PGF-M) and at m/e 400

(base peak of the d^-labelled derivative). The peak height ratio
m/e 397/400 in determined for the urinary extract, and the

metabolite level in the original urine specimen is quantified from

a calibration curve obtained by injection of known mixtures of

unlabelled and d^-labelled PGF-M methyl ester t-BDMS ether
derivatives. The standard curve (see Fig. 6.28) has three properties

relevant to assay of the urinary metabolite.

1. The y-intercept (0.015) is due to the presence of unlabelled

molecules in the deuterated metabolite. Using 200 ng of deuterated

metabolite added to 10 ml of urine, the normal levels of the

endogenous urinary metabolite (5-40 ng/ml) give m/e 397/400 ratios

in the range 0.4 - 3.0. The value of 0.015 sets the lower limit
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of sensitivity of the method at a ratio of approximately 2 x 0.015;

1.e. decreased metabolite excretion down to less than 10% of normal

should be measurable.

2. The curve in the line is due to the contribution at m/e 400 from

the natural abundance of heavy isotopes in the unlabelled species

of metabolite (which has an ion intensity at m/e 400 of 2% the value

at m/e 397). As a result of this contribution the ratio m/e

397/400 does not increase linearly with increasing amounts of

unlabelled metabolite added to the deuterated internal standard.

3. The slope of the line is greater than unity. This would be

expected because only 45% of molecules in the d^-metabolite
are trideuterated, but after taking this into consideration the

slope was found to be about 10% greater than predicted. The difference

is probably due to errors in the measurement of the isotopic composition

of the d^-metabolite and in the assignment of mass (via specific
activity) to both forms of the compound.

B ANALYTICAL METHOD

To a 10 ml aliquot of urine is added d^-labelled PGF-M methyl
ester (200 ng in 50 yl of methanol) and 5N NaOH (2 ml) and the

mixture is allowed to stand at room temperature overnight. The

urine is then acidified to pH3 with 5N HC1 and passed through a

5x1 cm (2 g) column of Amber!ite XAD-2. The column is washed

successively with water (15 rnl) and n-hexane (5 ml) and the metabolite

is then eluted with methanol (10 ml). The methanol is evaporated

under a stream of nitrogen at 60° and traces of water removed from

the residue with an oil pump.
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The material obtained is dissolved in a mixture of 2% methanolic

tetramethylammonium hydroxide (0.5 ml) and dimethylacetamide (2 ml).

Methyl iodide (50 yl) is added to the solution and the reaction

allowed to proceed for 30 minutes at room temperature. Following

the addition of distilled water (5 ml), the products are extracted

with dichloroethane (2 x 5 ml) and the combined organic phases are

taken to dryness under nitrogen.

The methylated material is dissolved in methanol (0.2 ml) and

treated with 2 ml of 0.1M sodium borate buffer, pHIO, at room

temperature overnight. The .alkaline solution is subsequently

extracted with dichloroethane (5 ml), the organic phase discarded

and the aqueous phase acidified to pH2 by addition of 0.5 ml of

0.5N HC1. After standing at room temperature for 1 hour the solution

is extracted with dichloroethane (2 x 6 ml). The combined dichloro¬

ethane phases are washed successively with 0.1M sodium borate buffer,

pH8, (2 ml) and distilled water (0.5 ml), then decanted into a

clean, dry test tube and evaporated under nitrogen.

Remethylation of the urinary extract is carried out as described

above, except that the solution of the substrate in methanolic

tetramethylammoniurn hydroxide is allowed to stand at room temperature

for 1 hour prior to the addition of dimethylacetamide and methyl

iodide. The reaction is allowed to proceed for 30 minutes, as before,

then quenched by the addition of distilled water (5 ml) and the

products extracted with dichloroethane (2 x 5 ml). The combined

organic phases are washed with water (2 ml) and evaporated under

nitrogen.

The dry residue is dissolved in 200 yl of t_-butyl dimethyl -

chlorosilane/imidazole/dimethylformamide mixture and kept in a
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Fig. 6.29; Ion chromatograms of PGF-M in an extract of urine



stoppered tube overnight at room temperature. Following the

addition of distilled water (2 ml) the solution is extracted with

n-heptane (3 ml) and the organic phase taken to dryness under

nitrogen.

The material obtained is subjected to TLC using the solvent

system, ethyl acetate/heptane, 40:60 (v/v). The methyl ester t-BDMS

ether derivative of PGF-M is located by reference to an adjacent

spot of the yellow dye, 4-(dimethylamino)azobenzene, which has the

same mobility (R^ = 0.45) as the metabolite in this solvent system.
A 1.2 cm-wide zone, centred on the position of the marker dye

spot, is scraped off the plate and extracted with ethyl acetate (3 ml).

This extract is evaporatal under nitrogen and redissolved in 20 pi of

ethyl acetate for mass spectrometric analysis.

Operating conditions of the GC-MS instrument are given in

Section 2. Aliquots (3 pi) of the urinary extract are injected and

the ion currents at m/e 397 and m/e 400 are recorded. Representative

chromatograms obtained from the urine of a healthy male subject

(which was found to contain 12.3 ng of PGF-M/ml) are shown in Fig. 6.29
The peak height ratio m/e 397/400 is measured and the urinary

metabolite level determined from a standard curve obtained using

known mixtures of unlabelled and d^-labelled metabolite.

PARAMETERS OF THE ANALYTICAL METHOD

Precision The concentration of PGF-M was determined in six

10 ml aliquots of a 24 h urine collection; each sample was injected

three times into the GC-MS instrument. The mean value obtained was

12.3 ng/ml, with a standard deviation of 2%.
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Accuracy (a) Known mixtures of the methyl esters of unlabel!ed

and deuterated PGF-M were dissolved in 10 ml of distilled water and

hydrolyzed by treatment with 2 ml of 5N NaOH. The samples were then

taken through the urinary extraction and derivatization procedure and

analyzed by GC-MS. As shown in Fig. 6.30, there was good agreement

between the values obtained for the known mixtures taken through the

extraction procedure and those prepared from TLC-purified samples

of labelled and unlabel!ed methyl ester t-BDMS ether derivatives.

(The latter samples were routinely employed as standards).

(b) A further six aliquots of the urine sample used in the

evaluation of precision were assayed after 100 ng or 200 ng of

unlabelled PGF-M methyl ester had been added to the urine prior to

the initial alkaline hydrolysis. The additional amount of metabolite

found, relative to the known amount added, was 99.9 + 2t (S.D.).

Sensitivity The lower limit of measurement varied with the

cleanliness of the particular urine extract, but a concentration of

1 ng/ml could generally be measured with a precision of + 10% and

this was adequate for most purposes.

D LEVELS OF PGF-M IN HUMAN URINE

The concentration of PGF-M was measured in 10 ml aliquots of 24

hour urine collections from 35 healthy subjects (18 males and 17

females) and the figures obtained were used to calculate daily

excretion rates (Table 6.IV). The values for males ranged from

10.6 to 66.9 yg/24 hr (mean value 22.2 + 13.2 (S.D.) yg/24 hr) and

those for females from 6.5 to 18.8 pg/24 hr (mean value 11.6 _+ 3.7

(S.D.) pg/24 hr). These values are in good agreement with published
i



13

25

27

27

27

27

29

29

30

31

31

32

34

35

36

42

46

72

IEAN
S.D

TABLE 6.IV

Levels of PGF-M in 24 hour urine collections

from normal healthy volunteers

MALE FEMALE

yg PGF-M/24h ng PGF-M/
mg creatinine

AGE yg PGF-M/24h ng PGF-M/
mg creatinine

10.6

21.9

17.6

19.6

22.5

38.3

13.4

24.4

16.5

25.0

66.9

12.5

18.4

12.5

31.4

16.3

13.1

18.9

12.6

12.1

14.1

12.3

12.6

32.2

10.9

13.2

7.8

15.7

38.7

7.2

7.6

7.9

17.6

12.0

6.0

12.2

11 6.5

23 8.9

24 8.4

24 17.5

25 9.1

25 13.0

25 15.5

28 9.6

29 18.8

32 10.7

32 13.5

34 7.8

42 13.7

50 15.9

63 10.1

63 10.9

67 7.2

9.4

4.8

4.6

11.3

9.3

10.7

8.7

6.9

19.0

8.0

8.7

6.7

12.5

11.3

8.6

9.1

12.0

22.2
+ 13.2

14.0
+ 8.4

MEAN
f S.D.

11.6
+ 3.7

9.5
+ 3.4
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data on the normal range of PGF-M excretion in man. ' ' ' It

should be noted that the normal range in adult males varies five¬

fold between different subjects and about three-fold between adult

females (see Table 6.IV). The reason for this variation has not

been established; it does not appear to correlate with age

(Table 6.IV). Individual subjects, on the other hand, have been

found to excrete a relatively constant amount of PGF-M on

consecutive days.^'^
A male patient (aged 44) suffering from diarrhoea associated

with medullary carcinoma of the thyroid was studied. Clinical

aspects of the investigation were conducted by Dr D Everard of the

Royal Victoria Infirmary, Newcastle. Before drug therapy there was

a high frequency of diarrhoea and urinary levels of PGF-M were in

the normal range for healthy subjects (Fig. 6.31). Following daily

treatment with indomethacin there was a marked reduction in the

frequency of diarrhoea and a decreased urinary excretion of PGF-M.

There are several lines of evidence which suggest that

prostaglandins are an important contributing factor responsible for

diarrhoea associated with medullary carcinoma of the thyroid: oral

or intravenous administration of E or F prostaglandins can cause

18-20)
diarrhoea in normal subjects; ' large quantities of PGE2~like
and PGF^-like material have been found in extracts of medullary

311
thyroid tumours; ' high levels of PGE2~like material have been
found in the peripheral venous blood of a patient suffering from the

condition and inhibitors of prostaglandin synthetase were found to
1 73)

prevent the diarrhoea. ~ ' In the patient investigated here, the

prostaglandin F turnover was found to be in the normal range for
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healthy subjects prior to drug treatment. Although the PGF-M levels

may have been high, low or normal for this particular individual,

from the evidence it is not possible to implicate the F prostaglandins

as a causative factor of the diarrhoea symptom. However, the

measurements of PGF-M levels do confirm that indomethacin caused

inhibition of prostaglandin synthesis and lend support to the

hypothesis that this is the mechanism of action of indomethacin in

preventing the diarrhoea.

6.3 CONCLUDING REMARKS

The method described above represents a simplified and refined

analytical procedure for the mass spectrometric determination of
921

urinary PGF-M as compared with the previously reported GC-MS assay. '

The crucial new development was the preparation of deuterium-labelled

PGF-M to serve as an internal standard in the assay. The successful

preparation of this analogue permitted:

(i) equilibration of the internal standard and the endogenous

metabolite prior to extraction from urine;

(ii) incorporation of the selective hydrolysis/back-extraction

sequence as a purification step (cf. methyloxime derivatives^
are unstable in acid. );

(iii) selection of the derivative with the optimum mass spectral

properties for the SIM analysis.

These three improvements confer accuracy and precision, high sample

throughput, and high sensitivity, respectively. The deuterated

PGF-M was obtained by bioconversion from deuterated PGF^ , and it is
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of interest to note that the latter analogue could also prove

useful in the development of GC-MS methods either for the analysis

of other prostaglandin F metabolites which differ from PGF-M in

the a- or w-side chains, or for "total" C-jg prostaglandin dioic
1151

acid metabolites by adaption of the GLC method of Nugteren. '

Several new properties of PGF-M were demonstrated during the

development of the method and were later incorporated into the

analytical procedure. For example, the interconversion of PGF-M

methyl ester derivatives provided a convenient and effective

solution to the problem of purifying the urinary extracts. One

other property is noteworthy: the only effective way to prevent

the interconversion of the methyl ester and its S-lactone derivative

is by t-BDMS ether formation. This found an application in the

preparation of standards for SIM analysis. The labelled and

unlabelled PGF-M were converted, separately, to their t-BDMS ether

methyl ester derivatives, isolated from the corresponding 6-lactones

by TLC, quantified by liquid scintillation counting, and then

mixed in known proportions.

Alternative approaches to the measurement of PGF-M are based
78-80)

on RIA, ' a method which enables a relatively large number of

samples to be analyzed within a short period of time. The present

method, by which 20 samples may be processed by one person per week,

affords good sensitivity and precision, in addition to a high degree

of chemical specificity. The method is therefore suitable either

as an external check on RIA procedures or for the routine

determination of PGF turnover in physiological and pathological

processes.



Measurement of urinary PGF-M has previously been employed as a

means of monitoring prostaglandin F turnover during the menstrual
791 1341

cycle, ' during pregnancy ' and during allergen-induced bronchial

asthma.29^ In these studies, the subjects under observation were

able to act as their own controls and this enabled a relatively

precise comparison to be made between the "test" and "control"

situations. In the example given in the present work, of a patient

with diarrhoea caused by a chronic disease, it is not possible to

make this type of comparison and since the pre-treatment levels of

PGF-M were "normal", the conclusions which can be drawn from the

investigation are limited. It is apparent that some factor related

to prostaglandins must be shown to be abnormal for positive proof

of their role in physiological and pathological processes to be

established. The study of prostaglandin F synthesis in asthmatics

who react adversely to or have their symptoms relieved by aspirin¬

like drugs offers a promising area for future investigation.
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STRAIGHT PHASE SEPARATION OF PROSTAGLANDIN

METHYL ESTERS ON LIPOPHILIC GELS
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ABSTRACT

A series of straight phase gel chromatography systems
have been developed for the separation of prostaglandin
methyl esters. Using the methyl esters of prostaglandins
B2 > > F2a and ^2®! the basic relationships between
elution volume and the polarities of the gel, the solvent
system (heptane-chloroform mixtures), and the prostaglandin
have been determined. The separation of prostaglandin
methyl esters with slight differences in structure has been
demonstrated. Examples include oxo and hydroxy prosta¬
glandins, hydroxy epimers, double bond isomers, prosta¬
glandins of varying a- and -chain length, and 1- and 2-
(5,6 cis double bond) series prostaglandins. In view of
the general advantages of liquid-gel chromatography, it is
suggested that these systems may be useful for isolation
and purification in a number of areas in the prostaglandin
field.
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INTRODUCTION

Gel chromatography of lipids was first performed using
Sephadex G-type gels substituted with short carbon chain
residues(1). Thus B-hydroxypropyl Sephadex, commercially
available as Sephadex LH-20 has been used for the
separation of the A, E and F groups of prostaglandin methyl
esters(2). However the bonding of longer hydrocarbon
chains to the gel matrix considerably increases the scope
of the method. This procedure yields hydrophobic gels
which swell best in organic solvents of medium and low
polarity such as chloroform and heptane. Using these gels
straight phase or reversed phase partition systems can be
designed which are highly selective towards slight differ¬
ences in molecular structure(3). Nystrom and Sjovall have
described a liquid-gel reversed phase system for separation
of prostaglandins F2a, F2B, Ej and E2 (4) and have shown that
the greatest separation between PGEj and PGE2 is obtained
using a gel with 12% by weight hydroxyalkyl (C11-C14 chains)
content.

We have investigated the potential for straight phase
separations of prostaglandin methyl esters using four lipo¬
philic gels of varying polarity, and have attempted to
assess the effect of changes in the degree of gel substitu¬
tion and changes in solvent polarity on the properties of
the system.

MATERIALS AND METHODS

Compounds Prostaglandins A2, B2, Ej, E2, 15(R)E2, 15-oxo
F 2 c, F2a and F 2 (3 were obtained from Dr. J.E. Pike of the
Upjohn Co., Kalamazoo, Michigan, U.S.A. (+)15(S)- and
(+)15(R)-11-deoxy-ll,12 dehydro PGF2a and Gf)15(S)- and
(+)15(R)-10a-hydroxy-ll-deoxy-ll,12-dehydro PGF2a were
supplied by Dr. P. Crabbe of Syntex S.A., Mexico. 20-
Methyl PGEG was prepared by alkali treatment of the corres¬
ponding prostaglandin E, which was supplied by Dr. D.A. van
Dorp of Unilever Research Laboratories, Vlaardingen, The
Netherlands. 20-Ethyl PGF2a, 20-propyl PGF2a, 2-nor PGF2a
and 20-ethyl PGE2 were supplied by Dr. N.S. Crossley of the
Pharmaceuticals Division, ICI Ltd., Macclesfield, England.

Prostaglandin C2 was prepared from PGA2 using rabbit
plasma PGA isomerase as described previously (5). 15-oxo
PGB2 was prepared by treatment of PGB2 with 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ) in dioxane at 55°C for
2 h. 15(R)PGA2 was isolated from a crude extract of the
coral, Plexaura homomalla, as previously described(5).
Sodium borohydride reduction of PGA2, 15(R)PGA2 and 15(R)PGE2
yielded the 15(S)-11-deoxy PGF2a and PGF2G epimers, the
15(R)-ll-deoxy PGF2a and PGF2B epimers and the 15(R)PGF2a
and PGF2B epimers respectively.
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(5,6,8,11,12,14,15-3H) PGE2 was treated with 0.1M KOH in
methanol to yield (5,6,11,14,15-3H) PGB2 and with sodium
borohydride to yield (5,6 , 8,11,12,14,15-3H) PGF2a and PGF28.

Methyl esters of the above compounds were prepared by
treatment with diazomethane in diethyl ether-methanol
(9:1 v/v) at room temperature for 15 min.

Gels Four lipophilic gels were used in this investigation
and they are described in order of decreasing polarity:-
Sephadex LH-20 (Pharmacia Fine Chemicals, Uppsala, Sweden)
is a hydroxypropyl derivative of Sephadex G-25 Fine.
Lipidex 1000 and Lipidex 5000 are equivalent to Sephadex
LH-20 with hydroxyalkyl (C14 hydrocarbon chains) group
contents of 11% and 50% (w/w) respectively. Both gels were
kindly supplied by Dr. V. Tarkkanen of Becker Delft N.V.,
Groningen, Holland. N1518-62%-LH-20 is Sephadex LH-20 with
a hydroxyalkyl (C15-C18 hydrocarbon chains) group content of
62% (w/w). This gel was prepared from LH-20 by the method
of Ellingboe, Nystrom and Sjovall(3) using 4.0 ml of Nedox
1518 olefin oxide (Ashland Chemical Co., Columbus, Ohio)
per g of LH-20.

Solvents All solvents were analytical grade. Chloroform
was redistilled ana 1.0% ethanol added for stabilization.

Chromatography Glass columns (300-400 x 10 mm) were used
with a glass wool plug at the bottom and a solvent reservoir
at constant pressure head at the top. Silanization of the
glass prevented adhesion of the gel to the inner column wall.
The columns were packed with an equilibrated slurry of the
gel and solvent, and eluted for 12 h before commencement of
the first chromatographic run. The column effluent was led
via narrow bore Teflon tubing to the flow cell (2 mm path
length) of a Cecil 212 ultraviolet spectrophotometer. For
PGA2, PGC2 and 11-deoxy-ll,12-dehydro PGF2 analogues the
wavelength of the incident light beam was set at 240 nm, for
PGB compounds at 270 nm and for 15-oxo PGB2 at 290 nm.
Fractions were collected on a fixed volume basis using the
drop-counting head of an LKB Ultrorac fraction collector.
The height of the column outflow was adjusted to give flow
rates of 10-15 ml/h/cm2. Room temperature was maintained
at 23+1°C. Samples for loading were dissolved in the
chloroform component of the solvent mixture and then heptane
was added to make a total volume of 1 ml. Elution volumes
were standardized as % column bed volume.

Detection of compounds Prostaglandin methyl esters were
estimated in individual fractions by one of three methods:-
(a) Ultraviolet spectroscopy using a Pye Unicam SP 800
spectrophotometer.
(b) Conventional liquid scintillation counting for tritium
labelled compounds.
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(c) Gas chromatography following trimethylsilyl ether
derivative formation and using PGF2B methyl ester as an
internal standard.

When necessary the identity of compounds was checked
by TLC or combined gas chromatography-mass spectrometry.

RESULTS AND DISCUSSION

GENERAL CHROMATOGRAPHIC PROPERTIES

The retention of a compound on a gel partition chroma¬
tography system is dependent on the polarities of the com¬
pound, the gel and the solvent system (1,3). In an initial
investigation, the effect of these three parameters on the
straight phase separation of prostaglandin methyl esters
was studied by chromatographing four compounds on each of
four lipophilic gels in three heptane-chloroform mixtures.
The compounds, in order of increasing polarity were the
methyl esters of PGB2, PGE2, PGF2a and PGF2B and the gels
in order of decreasing polarity were Sephadex LH-20,
Lipidex 1000, Lipidex 5000 and N1518-62%-LH-20. The
results, which are shown in Fig.l, indicate the scope and
the limits of the basic method. For instance using a
highly substituted non-polar gel such as Lipidex 5000 and a
polar solvent system such as a 50:50 v/v mixture of
chloroform and heptane the separation of prostaglandin
methyl esters with large differences in polarity can be
achieved. The use of this system is shown in Fig.2 where
the methyl esters of prostaglandins B2, E2, F2a and F2B were
separated within two column volumes of solvent.

However for the separation of very similar compounds a
system giving greater retention on the column should be
chosen. This increase in retention almost invariably
results in an increase in the separation factor for two
compounds. (Separation factor is defined as the relative
elution volume of two compounds with the ratio expressed as
greater than unity). For example, on Lipidex 5000 using
heptane-chloroform 50:50 v/v (Lipidex 5000-50:50) the
separation factor between the methyl esters of F2a and F2B
is 1.32. This factor is increased when retention is
increased either by changing to Lipidex 1000-50:50
(separation factor 1.62) or to Lipidex 5000-70:30 (separation
factor 1.71). Differences in separation factor on the four
gels at the same retention volume were small compared with
the change in separation factor related to change in
retention. Consequently more difficult separations were
attempted on the basis that retention on the column was a
variable which could be easily increased, so improving
separations, without necessitating the optimization of
factors affecting chromatographic efficiency. Undoubtedly
an increase in column length, a decrease in solvent flow
rate and the use of a gel with particles of finer mesh and
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70 * 30
HEP CHCI3

N1518 LIP.
62% 5000

LIP. LH-20
1000

N1518 LIP.
62% 5000

LIP. LH-20
1000

N1518 LIP.
62% 5000

LIP. LH-20
1000

Fig.l. Elution volumes of the methyl esters of prosta¬
glandins B2 ( • ) , E2 ( A ) } F2«(B) and F2B(#) on the four
lipophilic gels in three heptane-chloroform mixtures. All
columns were operated at 234-1 °C. Dotted lines indicate
that very broad peaks were obtained with that particular
gel and solvent combination.

4000-

CPM

3000-

LIPIDEX 5000 - 50:50

50 100 150
ELUTION VOLUME (°/0COlLimn vol)

Fig.2. Separation of the methyl esters of H3-PGB2 (0.5 ng),
H3-PGE2 (1 ng), H3-PGF2a (500 ng) and H3-PGF26 (500 ng) on
Lipidex 5000 - 50:50 (heptane-chloroform v/v). Column :
12 x 358 mm. Flow rate : 10 ml/h. Temperature : 23°C.
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narrower size distribution are additional factors which
could be used to improve the separation of very similar
compounds(1). This would enable compounds with a
separation factor of 1.1 to be resolved. With the
conditions we have used, adequate separation (Resolution^. 1)
occurred with separation factors of about 1.2 which could
generally be achieved by the adjustment of retention volume.
Resolution is defined as Rs =^z/4ar where Az is the gap
between the centres of gravity of neighbouring zones and cT
is the mean quarter width of the zones(6). When Rs = 0.8,
1.0 and 1.5 the degree of cross contamination between the
two zones is about 5.5, 2.3 and 0.1% respectively.

It should be noted that when the more polar gels,
Sephadex LH-20 and Lipidex 1000, are used in the less
polar solvent mixtures, although increased retentions can
be achieved, there is a severe loss of chromatographic
efficiency. This limitation can be correlated with the
swelling properties of the gels. In Fig.3 the bed volumes
of the four gels in mixtures of chloroform and heptane are
shown. For gels and solvents where swelling was greater
than about 2.5 ml/g, the Height Equivalent to a Theoretical
Plate was less than 0.8 mm. When swelling was below this
limit the HETP value increased sharply to greater than 2 mm
and compounds were eluted in very broad peaks. However
for gels with a high degree of hydroxyalkylation such as
Lipidex 5000 or N1518-62%-LH-20 chromatographic efficiency
is maintained even in pure heptane.

Fig.3. Swelling of the four lipophilic gels in mixtures
of heptane and chloroform. Gel-solvent combinations below
the dotted line exhibit poor chromatographic efficiencies.
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APPLICATIONS

With the compounds available to us, the capacities of
the various gel systems to separate prostaglandin methyl
esters with a number of structural differences have been
investigated.

Oxo/hydroxyl substitutions The separation of prosta¬
glandin methyl esters with oxo substituents at either C-9 or
C-15 from their hydroxyl counterparts is readily effected.
Thus Fig.2 illustrates the separation of PGE2 methyl ester
from its reduction products PGF2a and PGF2B methyl esters.
Fig.4 shows the resolution of PGC2 methyl ester from the
corresponding 9a-hydroxy analogue (15 (S)-11-deoxy-ll,12-
dehydro F2a) and of PGB2 methyl ester from 15-oxo PGB2 methyl
ester. The separation between the latter pair of compounds
seems particularly large and this is also evident with PGF2a
and 15-oxo PGF2a methyl esters (Fig.6). An 'exclusion' of
ketones from lipophilic gels has been previously reported
for steroids(7,8). In view of the large separations
obtained between some of the oxo and hydroxy prostaglandins
in our experiments it is possible that a similar group-
specific/gel interaction may be operating.

ELUTION VOLUME (%> column vol)

Fig.4. Separation of the methyl esters of 15-oxo PGB2
(150gg) , H3-PGB2 (l(ig) , PGC2, and 15(S)- and 15 (R)-11-deoxy-
ll

, 12-dehydro PGF2a(400pg each) on lipidex 5000-90:10 (heptane-
chloroform v/v). The elution volume of PGC2 methyl ester was
determined from another run on the same column. Column:
10 x 352 mm. Flow rate: 13 ml/h. Temperature: 23°C.,
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Prostaglandin methylester 11-deoxyF2a 11-deoxyF2I3 11-deoxy-ll,12- dehydroF2a F,« 11-deoxy-ll,12- dehydroF2a lOa-hydroxy- 11-deoxy-ll,12- dehydroF2a

Gel/solvent system Lipidex5000- 95:5 Lipidex5000- 90:10 Lipidex5000- 70:30 Lipidex1000- 70:30 LH-20 50:50
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C-15 epimers The latter stages of several total syntheses
of prostaglandins involve the reduction of the 15-oxo group¬
ing and the separation usually by preparative TLC of the
resulting 15 (S) and 15(R) alcohols. The separation of a
number of C-15 epimers has been achieved with the substi¬
tuted gels in this study and the results are summarized in
Table I. The separation of 15(S)- and 15(R)-11-deoxy-ll,12
dehydro PGF2a methyl esters is shown in Fig.4. For prosta¬
glandins with side chains in the 8a,1213 configuration, the
15(R) epimer is always eluted earlier than the 15 (S) epimer
regardless of the nature of the substituents at C-9,10 and
11. On the other hand, in the two examples where the
stereochemistry at C-12 is altered by the introduction of an
11,12 double bond this order of elution is reversed and 15(S)
precedes 15(R). Similar relative mobilities for these 15(S)
and 15 (R) epimers are also found on TLC using the FVI solvent
system of Andersen(9).

C-9 epimers The separation of PGF2ct and PGF2I3 methyl esters
is illustrated in Fig.2. Using Lipidex 5000-90:10, 11-deoxy
F2ct is eluted before 11-deoxy F26, the separation factor
being 1.32 at a retention of 420% of the column volume for
the 9a-hydroxy analogue.

It has been amply demonstrated that reversed phase
partition chromatography (RPPC) is very sensitive to changes
in the carbon skeleton of lipid soluble substances including
the prostaglandins. Thus a-tetranor and a-dinor metabolites
can be separated from each other and from the parent prosta¬
glandin by conventional RPPC on hydrophobic celite(lO).
More recently it has been shown that PGEj and PGE2 can be
resolved by RPPC using a Sephadex derivative containing 12%
hydroxyalkyl groups(4). We have investigated whether the
straight phase gel systems used in this study are also
sensitive to the number and position of double bonds and the
length of the side chains in the prostaglandin molecule.

Double bond isomers The methyl esters of PGB2 and PGC2 were
chromatographed on Lipidex 5000 and N1518-62%-LH-20 using
different heptane and chloroform mixtures. Fig.5 shows the
increase in the PGB2/PGC2 separation factor which occurred
with increasing retention volumes in successively less polar
solvent systems. The large separation factors which can be
achieved are markedly superior to the values obtained by RPPC
of the free acids using either Hyflo Supercel(5) or lipo¬
philic gels (unpublished observations). The methyl esters
of PGA2 and PGB2 were chromatographed on Lipidex 5000 in the
same range of solvent mixtures and these results are also
included in Fig.5. With this pair of compounds the
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LlPlDEX 5000
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ELUTION VOLUME (70column vol)

Fig.5. The relationships between separation factor and
elution volume for the methyl esters of PGA2/B2 and PGB1/B2
on Lipidex 5000, and PGB2/C2 on both Lipidex 5000 and
N1518-62"J-LH-20 gels. From left to right the points on
each line refer to solvent mixtures of 70:30, 90:10, 95:5
(not tested with PGB2/C2 on N1518-62%-LH-20), and 100:0 v/v
heptane-chloroform.

ELUTION VOLUME (%COlumn vol)

Fig.6. Separation of the methyl esters of PGBX (50pg),
H3-PGB2 (lng), PGEj (lOOpg), H3-PGE2 (lng), 15-oxo PGF2a
(lmg), H3-PGFja (lng) and H3:PGF2a (lng) on Lipidex 5000-70:
30(heptane-chloroform v/v). Column: 9 x 390 mm. Flow rate:
15 ml/h. Temperature: 23°C.
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separation factor became smaller as retention volume
increased beyond a certain value, an effect not seen with
any other pair of compounds in this study. However at its
highest value the PGA2/PGB2 separation factor is comparable
with RPPC results.

Number of double bonds The introduction of a cis double
bond into a fatty acid methyl ester results in an earlier
elution of the compound from a reversed phase system(ll) and
a later elution from the straight phase systems we have used.
Thus three C20 fatty acid methyl esters chromatographed on
Lipidex 5000-100:0 eluted in the order arachidate (C.20,
68.0% bed volume), eicosenoate (C.20:l, 69.5%) and
arachidonate (C.20:4, 75.0%). For prostaglandins it has
been shown that on gel RPPC PGE2 is eluted before PGEj^,
PGF2a before PGF1a(4), and PGB2 before PGBj (unpublished
observations). However in contrast to the expected
opposite order of elution from the straight phase systems
described in this paper, we have found that these also give
an earlier elution of prostaglandins containing a 5,6 cis
double bond. Fig.6 illustrates this effect within the B,
E and F groups of prostaglandins using Lipidex 5000-70:30.
PGFja and PGF2a methyl esters have a separation factor of
1.21 using this system and they can be easily resolved.
When PGBX and PGB2 methyl esters were chromatographed on
the same gel in less polar solvent mixtures the separation
factor increased with increasing retention of the compounds
as shown in Fig.5. However with PGEj and PGE2 methyl esters
only a very slight separation could be obtained. The four
gels used in this study all gave similar separation factors
for each pair of prostaglandins.

Length of a- and cj -side chains The results in Fig.7 show
plots of carbon number versus log elution volume for both
a-chain shortening andco-chain elongation. The slopes of
the former lines are about 2.7 times greater than the slopes
of the latter. Thus although a gel filtration effect(8)
might account for earlier elution of the compounds with a
lengthened co-chain, the markedly increased retention of the
shorter chain prostaglandins must be predominantly due to a
process of liquid-gel partition.

Complete resolution of PGBj and a-dinor PGBX methyl
esters was achieved under the previously described operating-
conditions. Therefore it is suggested that these systems
could be used in the study of prostaglandin metabolism for
separation and purification of S-oxidation products.
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Fig. 7. Relationships between log elution volume and
carbon number for PGBi and PGB2 methyl ester analogues on
Lipidex 5000-95:5 (heptane-chloroform v/v) and for PGF2a
methyl ester analogues on Lipidex 5000-70:30 (heptane-
chloroform v/v). The bold lines indicate a-chain shorten¬
ing and the dotted lines co -chain elongation.

CONCLUDING REMARKS

Among the advantages of liquid-gel chromatography are
the high recoveries(2,4,8), the low column bleed(3), and the
high sample loading capacity(1,8). The practical limit for
sample loading without causing zone broadening is reported
to be about 50 mg/cm2 of column area(8). The highest load
attempted in the present study was 45 mg/cm2 of a mixture of
11-deoxy F2a an<i 11-deoxy F2S methyl esters, and no peak
broadening was noticeable.

The system we have described has been kept as simple as
possible. It is easily adaptable for use with prostaglandins
of a wide range of polarity. It can also be adapted for
achieving specific separations since separation factors
generally increased with increasing elution volume. For any
fixed elution volume the differences in separation factor for
the four gels used were very small and only N1518-62%-LH-20
gave consistently higher values. The highly substituted
gels are the most useful because they can be used in any
heptane/chloroform mixture.

A basic principle of chromatography is that compounds
must be retarded by the stationary phase in order to achieve
separation. Lipids of low to medium polarity are most
soluble in non-polar solvents and therefore the greatest
flexibility and selectivity can be obtained with a reversed
phase system. However the prostaglandins are a more polar
group of lipids and are easily retained on a straight phase
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or a reversed phase system. The method we have described
gives large separation factors for different oxo and hydroxy
substitutions and for hydroxy epimers, as has similarly
been demonstrated for steroids(3). In addition investiga¬
tion of the selectivity of the system towards changes in
the carbon skeleton of the prostaglandin molecule has shown
that the separation factors were generally comparable with
those obtained on reversed phase systems and often large
enough to enable preparative separations to be performed on
a single chromatographic run.
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PROSTAGLANDINS

APPENDIX

Chemical names of prostaglandins

PGAj : (-)-15(S)-hydroxy-9-oxoprosta-10,13(trans)-dienoie
acid.

PGA2 : (-)-15(S)-hydroxy-9-oxoprosta-5(cis),10,13(trans)-
trienoic acid.

PGB2 : (-)-15(S)-hydroxy-9-oxoprosta-5(cis),8(12) ,13
(trans)-trienoic acid.

PGC2 : (-)-15 (S)-hydroxy-9-oxoprosta-5(cis),11,13(trans)-
trienoic acid.

PGE2 : (-)-11a,15(S)-dihydroxy-9-oxoprosta-5(cis) ,13
(trans)-dienoic acid.

PGF2a : (-)-9a,11a,15(S)-trihydroxyprosta-5(cis),13(trans)-
dienoic acid.

PGF2B : (-)-9(3 ,11a ,15 (S)-tr ihydroxypros ta-5 (cis ) ,13 (trans )-
dienoic acid.
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