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The purpose of the presenl work was to isolate and
identifj the mivor lipid cozmoneats of the huwman atheromatous
plague in the hope ithat the study of these compounds might
kelp to throw some light on the pathogenesis of the disease
atherosclerosis. Ve set out to uge the recently developed
micro technigues of TIC, GIO and GCNHS described later to
enohle ench investigotion to be resiricted to the lesions
from & single sorta and ejeutually to extend the work to the
lipid chemistry of individual plaﬁues at varioas stages ¢f
evolution. Eearly work on the subject had indicated that
certein miner steroids wvere present, but the necessarily
protracted nature of the investigaﬁiona‘had led to doubts
being expressed aboul their suthenticity es arterial
ccnstitaemtég 7e hoped that we would be able to confirm or

disprove the existence of these steroids and would be able to

look for unidentified components in this and other lipid groups.
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SECTION A - INTRODUCHION

PART I

TTE DISTASE ATHERCSCLEROSIS




A,

The bigh incidence of digeancs of the arieries end.

L

particularly that of fabtal illness due to i

)

he obstyruction of
vital blood supplics eve motbers of wide concern, So acuve is
the problem that heort diseose hos earned the descripiion
fcommon illmess of oux Zime" (1), the number of desths in the
UeS.A. in 188 {2) from thic caunse heing greater thon the sum
of deaths from the neudt four causes in order of frequency,
namelyz' cancer, éccidentﬁ, trbercnlogig and puevmonia.

Progressive changes ocecur in all arteries as they o ,é .
The most importent elteration of the intima, (see Fig. 1) ov
inner gurface of the artery, coansists in tﬁﬁ accumnlation of
fetby moterials (lipidﬂ)x of which cholesterol end its esters
are characterizstically prepondsrant. Lipid accuzuloticen in
the intimg of en evtery is thought by mony imvestigators 1o
étart with the development of "fatlty stresks" vwhich gradually
build up into progressively raised lezions.  As the aceumu-
lation process goes on, the lumen, or passageway of tEe artery
begins to narrove.

The arteries of most edults are affected to varying

degrees by atheroma - the name given to the fati by deposits

X For detailed comment cn this description, see p. 8.



oecurying en

the artery wall.
have been vegards
of vessels (8 - 6), but cccording to the opinion of othery
(7 ~ 11) the lesions ere caused by ehnormal lipid infiltrations
of the intime, which initiate other clisnges of the vessel walls,
and should best be trected as disorders of lipid metabolism,

Figure 1. SCHEMATIC DIAGRAT O A NORMAL ARTENY

(X-SECTION TRANSVERSE)

oo Adventitia
QR

Media

In the initial stages of the disease the tissue overlying
the plegues is reasonably elastic (see Fig. 2), but in the later
steges -the lining of the ariery may degeneralte and rupture

iving an Yatheromatous ulcer" (see Tig, 3). Frequently a
g g g
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blocd clot (Mithwonbus') fovis on gprel s gite, ond if this heppens

in orne of the smaller orieries such es the coronary artery,

>

cormplete oeclugion resultiug in sulden death or acute myocardial
depth of bvissue) may occur. Figs 4 shows

5

& photomicrogranl of such on occluded artery.

The degenerative process

In gpite of a tremendous number of investigations carried
out since the heginning of the century, ocur Imowledge ahout the

e athevrosclerovic degeneration of the

oy

processes uwaderlyiag
huzan artery vall is gtill very limited. There are meny theories
as to the cause of the lipid accumulations, the chief of which is
that this material is deposited by a simple infiltration from the
blood flowing through the luwzen (15) Another opinion is that

the daposits arise by local gynthesis of lipids in the vessgel

[

to b

o

(2]

vall (16). The first of these hypotheses is believe
closer to reality, although there is some evidencé for in situ
synthesgis, The velotive nerits of these two theories have been
discussed by Holmen ct o). (17). Vhat is not clear, however,

.

is whether this lipid accummlation is the primary cause of the
degeneretion of arterial gtructure and funciior, or vhether it
is simply a secondary process initiated by some metabolic defect.

r eta*y foctors in atheroma

s

The role of diet in the development of atherosclerosis is
a very controversial subjecti. Opinion about the importence of

this facior renges from the view that it is trivial, to the beliefl



-PLAQU~":
THROMBUS 1

A Photomicrograph of a cross section of a human coronary
artery (stained H and E n SO),"S The artery has "been markedly
narroved by an accumulation of lip id material in the trail
(atheroma). Mote the slit-like spaces due to so-called crystals
of cholesterol. The lipid plaque has ruptured, and the Ilumen or
passageway of the vessel is occluded by a thrombus (black area in
centre).

H and E refer to the tissue stains Haematosylin end Sosin
end x SO is the magnification.
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It is Tnown thod the incidence of myozardial inforetion
is greatest in suvbjects with en abmormelly high quantity of
choleste%ol in the bleod and +that
influenced by the amouwat of fat in the tiet.,  lowever, the

exact contribution of diet in causing atherosclerosis hes not

heen egioblished, Dietary cholegterol hos only o slight effect

on the cencentration of blesd cholesterol,vhich mey also ke

influenced by ingested complex carbohydrates. The largest
effect is however produced by dietory triglycerides.

=4

The influence of fat has heen cleerly illusirated duriag

the Second Vorld Var in meny srcns where the smount of fat
ingested dropped markedly, Auteopsy findings during this peried
heve shovn thav deaths escribed to atherosclerosis began to
decline in 1942 and fell to ahout ome third of the pre~war level

in the years 1943 - 1848 (12},

Cther Tactors

It is now generally agreed that instead of a single cause
of stherogenesis it is necessary to consider the coantributions
of a numher of influenceg including diet. There ig o wide
geographical variastion in diseases due to atheroma. Japan,
for instance, has been shown to have & very low incidence of

atherosclerotic heart diseases (18).



This, however, is not & racial peculiarily since second
generation Japanese living in California tend to resemble other
Americans in their susceptibility to the disease and its
complications (14). A.simila.r situation arises when Italians
living in Southern Italy are compared with those living in the
United States of America.

Another important factor is thought to be lack of exercise
due to the increase in sedentary occupations. This factor has
been found to be clogely related to the development of.heart
disease(18) although Keys et al.(19) have collected evidence
to suggest that it is less importent then diet. Attempts have
also been made to correlate smoking habits (20) and stress(21)
with the occurrence of heart diéease. Whatever may be the prime
cause of atheroma, there is general agreement that the disease
involves a derangement of lipid metabolism. A detailed
examination of the lipids of severely diseased aortﬁs thus

appears warranted.



SECTION A ' - INTRODUCTION

PART II

THE LIPIDS




In living systensz the structnres of the cells and tissues
are baged on lerge molecules - protveins, polysaccharides and
cozplex lipids - whilst the organisation of the éysﬁems appears
to be the functiun of the nucleic acid CON?IQIESo In recent
years, detailed stvndies on pyoteins, polysacchorides and nucledc
acids have demsustrated potberns of repeebting vnits within en
almost infinite variety of moleenlar structures.  Although most
lipid » molecules ere relatively less complex, a large voriety of
coxpounds exigts; pany of them differing only in the composition

of the fatly ecid moiet

fale

LG8,
Fats have been recognised vs a seperate group of compounds
for meny-centuries.  The substences called fats were usually
glycerol esters and in this work we shail restrict the term to
these, The word "lipid" (Gr. lipos, fot), although probably
initielly synomymous with the term "fat" is now used to cover a
much wider group of compounds.
The clagsification of lipids hes heen thé subject of some
controversy. The early classifications were unsatisfactory as
the enalytical methods available to define them were crude,
_Now&ﬁays with the advences in separation tecbniques such asg
' chromatogrephy there is e growing tendency to refer to lipids
"by nemes indicative of their structure, end this practicé is

bhelping to remove the vagueness which has until quite recently

D0
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o Suech wvaguensss has led to

trivial nanes such sa cerebroside eud ganglioside, based on the

biological source. Ultimately it may be possible 1o classify

lipids according to their biologicel funciien, but this aspiration

KAl

ig at present far in the futuvre. Therefore an interim class-—

ification has had to be uvsed and the system acdopted here sub-
divides lipids in the monner shown here end in Fig. 8.
1. Sizmle lipidp

(a) Glyceridss:~ esters of glyecerol with long-chain fatty
aéiase These are the “"fats" of the clagsical definition,
(») Sterols and their fatly acid esters.
(¢) Long-chain alcohols end fheir fotty ecid egters which
are usually called "Waxes',

(a) Terpene alcohols.

(e) Hydrecarbons.

2. Complex lipida

Complex lipids consist of esters which oay contain
phosphorus, nitrogen bases &nd‘sugars in addition to long-chain
fatty acids. |

(a) Phoéphoglycerides:— esters which contain & phosph&te
group and a nitrogen base in addition to a glycerol moiety.

(b) Sphingolipids
(i) Sphingomyelin
(ii) Cerebroside

(iii) Ganglioside
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(e) Vitoming A, D, © egnd X

(b) Uniquinones end plesioguninones

(c) Phenols (i.e. natursl slfylated phenols e.g. estrogens)
(a) Squaleme epoxide

(e) Steroids

(1) Bile acids

Favby pcid nomsnclalure

A fveguently used short~hand nomenclature to define the

chain length and degree of u;»atuAatlun of o fatty acid will be

1

employed’im this work and is as foll
The fully saturaded 18 — cerbon fatty ecid stearic acid
would be referred to ss (18:0)}; the 18 - carbon monounsaturated
acid oleic acid as (18:1}, similerly
palmitic acid' (18:0)
palmitoleic (16:1)
linoleic (18:9)
linolenic (18:8)
The ﬁositicns of the double bLonds arevspecified,thus:m “

oleic acid 18:1 - 9

linoleic acid 18:2 -~ 9, 12

!

linolenic acid 18:3 - 9, 12, 15
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Eey to Tigvre 3.

-

1.
2.
3o
4.
5.
6.
T
8.
9.
10.
11.
12.

13.

Monogliyceride

Liglyceride

Triglyceride

Vax Egter

Sterocl end Sterol Ester
Alkane

Terpene Alcohol

Carctens

Sphingomyelin

Phosphatidyl Bihenolemine
Fhogphatidyl Choline ’
Vitexwin K

2
Vitamin B (C{~ Tocopherol)
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Lipide ave freguently tabulated in order of their
chromatogreophic polarity (TLCXOT coiumn) on silice gel or
gsilicic acid (22) and this sequence is given helow for the
me jor greups.

hydrocovrbons
wax cglers

sterol esterg

triglycerides incrensing
. sterols pelarivy
—_—e

fatty acids|

diglyeerides

monoglyecerides Y
phospholipids
The elution order on en alumina columm is basically the
same except for the fatty acids which then become the most polar
group of compounds (23). A similar situation occurs when
Florisil is used as adsorbent and in this case the fatty acids

are eluted just before the phospholipids (24).

X This abbreviation is defined later on nage 47,



SECTION A INTRCDUCTION

PART TIX

THE LIPTD CEEMISIRY OF ATHEROMA
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Adthough lipids hove been recognised ag o separate group
of coupomnds for more then a century, it is only relatively
recently that methods howve been developed to sepevete them into
their individual corponents. Hethods of purification and
enalysis which were appliceble UOIVﬁbQ? soluble comoovndﬂ such asg
carbohydrates end probeing, end esne 'i 1ly to their hydrolysis

¥,

ba cpplied i

eim

0 eny great extent to lipids,which

!Lg}

products, could nuov

frequently ocewr in naiturs in complex mixtures in which the

Jindividuel components min differ only very slightly., Classical

|

‘methods in generel vere incepoble of separsbing such mixtures.

Sterols in tisouers

Sterols, becauge of their wide disiribution in tissues
constitute an especially interesting category of lipids.
Cholesterol itselif,although it cannot be regerded as the most

atriking member of this group on the basig of its knowm direct

physiological action, rmst be regarded as a key constituent,

both because of its exceediﬁgly wide distribution ir memmeglian
tissue and also becau e of its obvicus gignificance as the parent
substence of the stercid hormones,

The discovery of cholesterol as a separate compound dates
back to 1769 (25), altaouwh its true nature was not recognised atv

this time, In 1815 Chevreul (23) demonstrated that this compound

3
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- .. pe I NPT, g
the nees Peholestherine™, Its

wes wasgnoni
identification in huwan hile (27:, blood (28) end brain tissuwe (29)
goon followed However, tha uodern understonding of this
subatonece began with the €>w9q3bfe ion of ivs elecholic nabture by
Berthelot (89) who also prepaved ester Quickly cholester&l
became recogunised ad a normal congtituent in enimal tissuves ond

fluids as well as a component of certain pathological deposits

he obhorematens plagus (81, 82).

Early analy#e& of total acrtes (81 - 83) demonstraied that
atherosclerozis of ithe aorts and its branches is associated with
en increased lipid content of the tissuss: however, they failed to
differentiate between the chemical changes which occur with age
end those due to the discnse. ~Meekey and Jobling (384) siressed
this point end were asble %o achieve-a better understanding cf ihe

o

problem by couparing analyses of separated lesions with thnse of

normal tissue.

Lipid changes due 4o ageing

Veinhouse end Hirsch (35) also pointed out the necessity
to separate normal from paoaolowlcal tissue and, since athero- .
sclerogis is principally 8 disease'of arterial intimas, they were
able to gain information sbout the effects of ageing by examinetion

of the media. carefully dissected from the diseased intima, They



The chongza due to stheroncleronis

In g study of the intimnl chonges ettributed to
atherogsclerosis, Veinhouse and Hirach (35) found that the amount
of cholesterol in the lipid extiract rose sharply from the velue

in the normal intima to thot found in sitheroumatous ulecers associated

with the most advenced gtoge of the disease. In agreement with the
findings of lezker and Jodbling, the queniviity of cholesterol esters,

the lergest lipid group, ves found to increase less repidly. HNo

marked quantitative change wos noted in the phogpholipids; hovever,
‘8 very significant qualitative chonge was found to teke place in

this component in lesions representing an advenced sgtage of the
discase. It was found that in the normal intima there were
-gpproxinately twice az much of the ethernsolﬁble phoapholipids
(1ecztﬁ1n ond cephalin) ag ether—insoluble phosph ol’pids‘(mainly
sphiagomyelin end cercbrosides). In geverely diseased tissues
the proportions of.fhese compoundsg were reversed, This
investigation (35) end others (24, 65) have emphasized the
1mooru&nce of the changing retio between cholesterol and.
cholesterol eagter, According to these workers the ratio of

, C 7oy . .
ester cholesterol to free cholesterol ( ‘/C) declines with

advancing severity of the disease. However Zeek (53) and



Bovtecher e al, (45) fomad that this rabio tends to be higher ia
early and medium grades of atheromn but tends to be lower in the
ost advanced lesiong.
Clagsification of iegions
Ly a prelininary to eny enalysisg it is important to
clossify the type of legion being examined, It is usuel to
b ] 2
employ the system evolved by Boticher et o . (39) which follows

the principle of classification of Buek and Iom51t r (40) edepted

ax
to the terminology recommented by a committee of the Vorld Health
Organisction (41). By this method (Table 1) the arteries ere
divided into four groups on the boasis of their macroscopie
appearance.

The first type of lesion visible (stage I) is of the
streoky yellow fatty type in which the lipid is mainly
intracellular, the intima beiag slightly thickened but not
appreciably damaged, In stage II, the plegues are either of the
tough fibrous fype or of the soft lipid type knowm as etheromas,

" but with ne complications such as ulceration, thrombosgis or
calcification present. Stage III marks the onset of the above
éomplications in vhich the atheromas frequently seem to be
ruptured or gbout to rupture and contain in addition to scft

lipid, blood clots end celcified.material.



he three closses of plogue outlined above are nmormally
sssumned to represent stages in the evelution of a lesiocn; but
it is possgible that this is not so ond thot they might represent
several guite unrelated biochemical changes.
Table 1. Classificnbicn of aorias according to Bdticher (42)

Ho lesions discernible at a magnification

STAGE ©
= of 10

STAGE I Fatty streeks and/or spots present
Fibrous plaques and/oy atheromas present,

STAGE I1 but no evidence of ulceration or other
corzplications
As above, with additional complications,

STAGE ITX

e.g. ulcerption, necrosis, haemorrhage,

thrombosis

n

19



The gross quentibotive chenzes within the various lipid
closses with the edvance of atherosgelerosiz have recently been

- (1]
gumnarised in the vork of Botich

(‘v

r (42) (Toeble 2). He includes

resulis from the exeminetion of thirty-three gortas et various

stages of the discase. The trends given in 1this table ave
basically the seme as these found in the much ecerlier work of

. |

Veinhouse and Hirsch (35}, alt nouru the individual values differ

reatly in some caaed,
g J

Table 2, AVERAGD CONTRIBUTION OF TACH LIPID CCLPONEHNT AS A
PERCEHTAGE OF TER TOTAL LIPID EXTRACTED AT VARICUS

STAGTS OF DISEAST

COMPONENT STAGT ¢  STAGE I STAGE IT  STAGE IiI
Phospholipids| 60.9 55.0 33.2 33,7
Free fatty 4 k

ooids 9.6 64 2.7 1.2
Cholesterol | 8.1 12.0 19.1 19,7
Cholesterol 4.1 13,4 36,0 6.2
esters

Glycerol

esbers 15,6 14.3 11.7 9.5

21
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The early siulies ol sthercuslere
there was an inereonsed lipid content of the veszel wall asszocialed
with the diseass, eud goave unseful informetion especially when it
~was gpprecisted thab the wore general tissue chenges due to ageing
should be ewmecluded from sueh en investigation.  However, there
vas o limit 1o the amovat of imformsiion, both qualitative and
quantitative, which could he obteined uging the then known
chamical pfocedur,s. The davelopnment of micfnwanalytical
procadures, egpecially those based on chromstography, opened mony
new approaches to the chemiglry of the disease, and fractions
formerly azsunsd to be homopgeneous, were shown to contain several
components, The aveilability of gag chrometegraphy made it
possible to gtudy the individuval fetty acid components of the
me.jor lipid sub-groups in plegues after separation of these grouns
by some other form of chreomatogrephy.  In fact, this type of study
has dominated the literature on {he chcrzigtry of the artvery well

in recent years, The averege fatty acid composition of the major
lipid classes of the atheromatous plagues (stege IT in the BYticher
classification) of four individuals were recordeg by Tuna end

Mangold (43). The results of this investigation ond of a similar

study by Lawrie et al. (44) are given in table 3.



Table 3.

(recorded as

T FATYY AC(LE 69 TG

~ - o~y e .
percenohges

e

[eXe)
of each 1%

E;
. A
nid component)

T AAT A

RUMEN ATIERGHATCUS

of the toctal

T AT
PlLADUD

fabiy acids

chelesverol | triglyceride phospio-

Fatty ecid esters linid
7 L T L T L
nyristic (14:0) 1.1 2.1 2.1 5,1 1.0 2,0
palnitic {(16:0) | 19,1 12.5 e7.2 24.7 45,9 32.1
poelnitoieic (16:1) 405 10,0 5.1 10.; 1.7 4.7
stearic (18:0) 1.9 1.1 | 5.7 3.8 21.7 12.7
oleic (18:1) | 22.3 28.7 43,9 82.9 19.8 18.9
linoleic (18:2) | 87.7 23,7 14,8 11.2 6.3 11.5
linolenic  {18:8) - - - - - -
'w;rachidonic (20:4) 3.6 6.4 1.6 1.5 4,0 9.2

T represents the results according to Tuna and Mangold (43)

L represents the results according to Lawrie et al. (44)

S
o



similaxities in "Ieblty acid patiera" can be quickly distinguished,
The predominant fatiy acids found in each of the mejor sub-groups

rere bogicelly the seme in both investigetions. For instaunce
in the cholesterol esters, linoleic acid (18:2) is the acid
present in the largest concentration, followed by oleic (18:1)
end palmitic (15:0). On the other hana, in the triglycerides
cleic acid predominaics followed by pelmitic and to a lesse

extent by linoleic pcid, while in the phospholinids the order

is palnitic ecid folloved by stearie i2:0) and oleic acid.
7 J

Changes in fotlty acid patiern with efdvence in geveridy of

the disease.

Boih of these investigations of fatty acid pattern in the
lesion have heen performed on material from one specific stage
in the progress of the disease; BSttcher et al . (45) on the other
hend, in a larger and more comprehensive siudy, attempted to relate
fatty acid pattern to the developueni of etherosclerosis. Their
findings, suwmarised in Teble 4, are based on the clasgification
of each selected moris according to the scheme laid dova in Table 1
on page 19. The average age of the subjects supplying the tissue
in each stage of the disease is also given in this Teble. The
fattv ecids of each lipid group were clagsified as saturated,
mono-uaseturated or poly»ungauurated, end the comsosition within

each of thege classes was recorded as a percentage of the total

fetty acids in that 1ipid group.
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Table 4. PATTY ACIDS O ACHUL LIPILS (\.DO‘OJLCIN:,‘X‘ (4«)) )

(rean total percentoges

Stage of atherosclerosis

0 I iI I11

Average age of subjecls 6 a9 58 &5
HOLTSTEROL TSTIES

Saturated A [ 81,2 22,2  18.7 170
Eono—-unzaturated 39,9 359.6 35.1 6.7
Poly-wnsaturated [ 23,9 37,2 43,2 465 |

GLYCTRICES
Saturated i4.9 42,8 94.7  85.3)]
Mono-unsaturated 40.4 41.8 48.0 43.3
Poly-uusaturated 14,7 15.4 17.3 21.4

- PHOSPIOLIPILS
Seatureted 55,2 59.4 61.2 62.0
)Monenunsatnrated 19.4 15.6 16,6 16 .6
Poly-unsaturated 25.4  25.0 22,2 21,4

¢enotes a significant change




e to puother vere observed in the
chelesterol ester fracthion, ewong two of the ithree classes of
fatty acid; With incfeas'ng gtherogclerosis the poly-unsaturated
acid perceﬁtage rose Trom 25-30% to 45-50% and the seturated acids
decreased from 80-85% to 15-20%, while ihe mono-unsaturated ecids

b £

2. . Similer but cwch smaller changes

g

shoved no gigaificant chan
“were fouad to occur in the glyceride fabtty acids.

by Weinhouse end Hirsch (83) in

the phosphol'piﬂs there is a larpge increase in the etvher-ingsoluble
sphingomyeling with the advance of the digsease, and this is

echoed by an increase in palmitic acid, since sphingomyeling are

exceptionally rich in palmitic acid,

Origin of plague livids

Determinations of the composition of lipids in the intima
ané in the atherosclerotic lesions have added considerable support
to the infiltratienvtheory to which reference was made on page 4 .
If the deposits in atherosclerosis of the aorta arise by

infiltration of the blood lipids, the lipid composition of the
fatty deposits should be coﬁpatible with that of the lipids in

the blood plasma. The most comwprehensive esrly study of the

lipid composition of humsn blood plasma is that of Page et al.(45).
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Cormarizson of the resulits of this
, . . \ .

such a3 those of VWeinhouse ond Hiv.ch (85) for the arterial waell

affords some interesiting in

La

cormogition batween lipid exitracts from the plasma and the norms
intine (stage 0 of plaque formation) end the wide differences

between linid extracts from the intiwma and the media seem to

23

originate in plasme rather

\;‘_{
o
5
o

indicete dthat the lipids of the i

than bheing syuthesised in situ. However, this could merely

indicate thov some sort of en equilibretion process had taken place,

lore recently, BUttcher (42) also nroduced evidence

supporting the "infiliration theory" of pqnhog esis, e found

tion of plague cholesterol esters and

. 1

1 corpos

p.r.

that the fatiy ac

o,

triglycerides at stage III of the disease, spproached the values

recorded for these lipid groups in the blosd of atherosclerctic

ry

individvals (45, 47, 50).

The fetity acid pattern of the plague phospholipids, however,
differs from that of the blood phospholipids, even in the severesgt
cases of atherosclerosis. A similar conclusion was reached by
Lawrie et &l. (44) as can be seen from e comparison of their
results for plagues (Teble 3) with those for the blood of
atherosclerotic individuals (Tablé 5). This difference in
phosp qollpld composition could either mean that these compounds do
not _Lflltraue, or that they do infiltrate but rapidly change in
composition, Zilversmit and co-workers (48) have produced
evidence of phospholipid synthesis in the ertery wall, wvhich would

possibly explain this difference in fatty acid composition.



Iahle b, 1
ATIDROZCIIROTIC DDIVIDUALS (Lewrie et al. 44)
(o percentoses of totel fatty ecids in each lipid group)
Fatty ocid Ch°i:2§jr°1 Triglyceride  Phospholipid
1420 1.8 4,1 1.1
16:0 _ 12,2 27.5 20.1
16:3 8,8 10.7 5.4
1820 2.7 4.4 9.1
18:1 20,5 35,4 16.8
18:2 866 8.5 20.6
20:4 6.3 1.9 8.2

b ]

Minor linids of the siheromatous plague

The presence of low levels of other lipids in atheromatous
vessels ig well recognised., These ere listed in chronological
~order in Table 6 below. It should be emphasised that only
tentetive identificavions vere made in several instances and
the possibility of gross artefact formation hes to be considered
in others, The significence of these findings will be discussed

Jater in the eppropriate seetion.
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Toble & RITNOD COLERTLND OR THN HULIAN AUMSRDIIATOUS ADLTA

DATE COIPOUN ' REFERENCE
1920 504~ cholestane - 33~ ol Schoenheiner (54)
1932 803 - hydroxycholeast—B-en~T~one Schoenheimer (55)
1942 Bok— cholestene~33- ol fcArthuar (558)
1943 cholesta~3,5-dien~T~one ) Hardegger,

50~ cholestane~33,5,6 3 ~triol g Ruzicka and

cholest—~5~ene~3f2 , 78 ~diol Tagmonn (57)

. batyl alcohol

1954 B4~ cholesbane-8f3 ,5,6 3 ~triol 3 Henderson end

" cholest~5-ene~38 3,73 ~diol ) MacPougall (58)
1955  choleste~3,5~dien~7-one Kentiengar and

Morton (59)

Nt Nt et N

Robertson (60)



DATE CoxpoUm
1956 cholest - & - ene- 33, T6A~ diol g
cholest - 5 = ene~ 33, ’Iﬁ- diol )
Henderson (61)
50— cholestene - 3, 5, 6f3 ~triol
cholest — 5 ~ ene— 3f3, 24 or 25 - diol)
1662 1, 3, 5 trioxanes g Tuna, Mangold,
glyceryl ether diesters 2 Kemmerck and
/ .
aldehydogenic triglycerides ) Louden (62)
1963 50{~ cholestone - 383~ ol ; Mosbach, Blum,
g Arroyo end
Mileh (63)
1964 5 - cholestene - 33— ol Kuroda, Werbin

Nst” s e’

and Chaikoff (64)
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SECTION B

BECENT DEVELOPIENTS IN MJALYTICAL

TECHNIOUES FOR ORGANIC MATCRIALS
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The ahility 1o seperate and identvify the individuel
components of o corplex mixiure is en essentisl preliminery in
the soluticn of many biological preoblemz. For milligram

guantities of pure compounds the choice of methods of charscter-
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guch widely uged methods as
elemental analysiz, infra-rcd sgpectroscopy and nuclear magnetic
-resouance spectroscopy. Such methods ere of limited uge for
microgren quantitiss of malterials,especially when these require
isolation from couplex mixtures. Such ig the case in respect
of the minor couponents of the humazn satheromatous plaque.
Hitherto the only cowprehensive study on the subject has been
thet of Hordegger et al.(1) in 1943, These investigators did
not have the edvantage of the recently developed techniques
(mainly chromatographic) for microamslytical separation and
characterisation. Accordingly they employed pooled tissue
from almost four hundred sortas, collectied over 2 period of two
years. Using this type of epproach they were able to obtain a
quentity of several pure compounds sufficient to allow character-
isation by classical probedures based on elemental analysis,
physical constaents and correlation with suthentic samples.

This investigetion provided important information on the general




39
~chemical charaéter of the Iipid constituents of aortas
‘(including lesions), but of course gave no information concerning
individual aortas. The necessary length of the study also
introduced the possibility of an extensive/degree of artefact
formation (50). In our wﬁrk we have aimed to avoid such an
approach, and using the now aVailable microchromatographic
‘techniques, we have been able to limit each analytical
investigation to the tissue:froﬁ one aorta, extracted within

twenty-four hours post mortem.

Chromatographic technigues

- The term chromatography denotes a procedure in which a
solution of substances to be separated is passed over a finely
divided solid or liquid phase resulting in retention of the
individual components to different extents. Chromatographic
methods can be broadly divided into three basic types namely:
(1) ‘Adsorption (or liquid/éolid cthmatography), in which the

moving substances are bound by reversible physical surface
forces to the adsorbent. |
(2) Partition chromatography, in which the compounds to be
separated are partitioned between two liquid phases (or a
gas‘and a liquid in the case of gas-liquid chromatography).
(3) Ion-exchange chromatography in which the rate of migration
of a compound is mainly determined by the pH~dependent total

charge.




In pracitice it iz very 4iffienlt to decide wi

¢

procesges ig actunlly teling pleze al o particular sgurface,
Mogt practical procedures involve several contributory effecis
with one or other of the types predominoting. It is unusual to
achieve a "pure" partition process: reversed phase chromstography,
for exawple, gives a fairly close approsch to thiz ideal case, bu%
on the other hond, some edsorption is agzocieted with many
practical partition tec¢ﬁiques.

Chromatographic techulquas repxeueﬁt a vast improvenzat
over the classieal proce&urés of separation anong waich were:

(1) solvent exiraction,

(2) erystallisation,

(8) distillation (pzus sublimation).

Both the classical teclmigues and the newer seperation

rs

methods provide physical constants useful in characterisation.

Early chromatogrophic methods

The earliest form of chromatogrephy, adsorption chroma-
togrephy, was discovered in 1803 by Tswett (2), but it was not
wntil 1931 (3, 4) that it ves recbgnised as a useful prectical
method when it enabled the sepai‘ation of % -~ and 3 —~carotene,
In the pext few yeers, the use of colum adsorption chromatography,
mainly on alunina, greetly aided the investigation of meny other
naturel pigmentis, Colourless compounds were also separated

using an elution technigue: the various fractions obtained were




then weighsde In thege envly deys this teclnigue ven els
widely ermloyed in the stercid field. For instance wlumlna as

)

used in the first isolabﬁon of androsieronce and etiocholanolone

from urine {51) and in the work of Dobri:

3

rer end his growp (52, 58)
on urinary sterolds end steroid metabolizm in naa. Reichstein

end his school (6,7,8) separated mixt

jon]

reg of adrenal steroids,
sterolg end bile acids. Vhere possible the seperated compounds .
were subsegquently charecverised by melting peint or other suitable
data. Harcdegger et o (1) also used this type of chromatography
extensively in their geparabion end ddentification of the minorx
sterols of the human atherosclerotic wortn. There has heen some
suggestion thet alumina cen bzve.so—Called "alkaline reactiona (5)".
Reichstein ond Shoppee (6) found that on alkaline slumina,
17-hydroxy-20-keto steroids undergo molecular rearrangement duriang
chromatogrephy to give D-homo ketones, but this can be largely
‘avoided by the use of neutralised elunina of low activity aad

completely avoided by the use of 1l7-acetates.

Partition chromatoeranhy

The type of chromafography described above, although
suitable for lipids of lov polarity, is of limited use for the
gseparation of the highly polar lipids end other hydrophilic
corpounds such as proteins, polysaccharides and nucleic acids.
These types of compound are’besﬁ separated by some form of

ligui d/llquld partltlon chrom vtogrephy.. This technique was




columng containiang

definite guontities of water 1o separate amino

BN

acid mixtures; the coupouands being seperated vere partitioned

3

betveen thin agueous "stationary phese" and on organic (11)
"mohile phase',

Silicic ncid column chromatogranhy

Lede

The role of water in the chromatographic behaviour of
silicic acid™ wos subjected to a study by Koy and Trueblood (10)
vho concluded that dependipg oan the emount of water held, silicic
acid moy act as eu adsoxpition or e pertibion suppord; usually
both properties contribuide to verying degrees to the separation
effects obtained., DTilicic acid column chromategraphy vwas
introduced for linid seporations in 1940 by Trappe (5), and s1nce
then it has developed Imio the most widely used method for the
initiel class seperations reguired in most lipid investigations.
Fillerup ond Meead (11) used a colwm of this mwoterial to separate
blood lipids into their major classes, while Hirsch and Ahrens (12)
and Horning et al. (13) heve used the method very successfully on
tissue extracts. The degree of resolution and reproducibility
obtained with a silicic acid column is dependent on the regulation
of the moisture content and on the use of carefully washed and
greded silicic acid, and such a standardisation procedure has
been described in detail by Horning et al. (18) in their work

on tissue lipidg,

X The terms silice gel end silicic acid refer to hydrated silica
precipitates, the properties of which can vary according to the
rmethod of precipitation and purification.




ble for the separotion of microgrem

above iz not very suite
quantiticg, end other forms such as thin-layer, paper aﬁd cas
chromatogrephy have been used for this purpose.

Since the developuent of highly sensitive detectors for

eranhy, inbteregt has been aroused 1o develop .such a
3

(%3 o

gas chromato

detection system .for liguid chrometography. A method employing

s

a hydrogzn fleme iomization detector was developed by Xarmen,

" - £ AN . ~ . .

Waller ond Jovwmen (14} in 1633 and one involving an argom
/ O o0

3
(55). In principle a continunously

(&)
al

ionisation detectvor hy Jan
moving chain cerrvies a minute part of the columm effluent first
through a heated solvent eveporation tumnel and then into onc or
other of the very sensitive detectors mentioned above. IRecently
several commercial instruments using this principle have been
developed.,

Paper Chromatogrenhy

In 1044 Consden, Gordon and Martin (16) demonstrated thot
filter paper strips could also be used as a supporf for a
stetionery phease in partition chromatography. This technique,
"paper chromatography" wes developed to fill the need for e
nicroenalytical type of chromatography. ‘In addition to an
analytical separation, thié rmethod also provides physical
constents extremely useful in characterisation. Paper chroma-

togrephy in its origzinal form wes ideally. suited for polar water




N
[

.

g, bu

[®
[l

soluble corpouwnds such as cuino acids, susors and prote
unsuitable Tor lipophilic compounds such oz storols and steroida.
Attempts to use more hydrophilic derivatives of these coumpounds
guch g the Girard hydrazones of Letosteroids have been largely
wsuccesaful (54) pecause of the overvhelming influence of the
polar moiety.A Paper chromatogreshy of sterols end steroids

tion ¢f special solwvent systems

EN

was mede possible by the introduc
by Zaffaroni‘gglglﬁ (17) and by Bush {18). The Zaffaroni type
of paper chromatograpﬁy'involves impregnation of the paper with

& non-volatile organic stationary phase, for example phenyl
cellozolve (ethyleane glycol monophenyl ether). The sample is
then leaded on to this treated paper and the chrometogram
developed with a voletile organic solvent such as hexaue.

Using this system Zaffaroni end Burton (19) were eble to

separate adrenal gtercids from gland extrects and Burton et al.
(20) the steroids inm human urine.

The other widely aoplied form of paper chromatography
involves the use of volatile solvents for both pheses (Bush—type
system). In this the paper is hung in e chamber containing
both phases and allowed to equilibrate. The peper preferentially
adsorbs the polar phase end the chromatogram is developed with
the weakly polar mobile phase. vA typical system involves agueous
ethanol as the stationery phase end petroleum as the mobile phase.

Bush (21) used this system in the enalysis of adrenal extracts.
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It bos olzo been suwecocazniully on

esters (28 aad 4o bile salis (24).

o

1o bile acids an
Acenrate quanbitative estimations have bzen obtained from

paper cliomatogrephy using densgitemesiry, and greater gensitivity

is possible through the use of radioactive tracers and counting

devices.

¢

1in between gtryucture snd popexr chromatographic

The physical constent normally recorded in paper
chromatogrophy is the RF value, This is the-ratio of the
distence woved by o given substence from the origin to the
distonce moved by the solvent front from the origin.  Another

extremely useful constent, the R, velue, where

i
R, = 1log (Y, - 1),

hes been propesed by Bate-Smith end Westall (55).  This

functicn hag edditive properties. These additive factors are

expressed as A RM values which can be calculated -from the

difference bhetween the RM value for the parent subsiance

(the skeleton) end & derivative, or between derivative A and

derivative B, and also between the same substance in two

different solvents. Using RM values, the RF velues of simple

compomnds were successfully calculated (26, 27). Initial

celculations with more compliceted molecules such as steroids
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suggested thet they could not he treated in this wey, but when
it was reeliscd that the effect of a subatituent on the R} value
must be calculated for each position, the &.RM valucs obtained.
were rexuvrkably constont. Pifficuliies only srise when inter
sctions hetween subgtituents, such as vicinal effects, occur,

Correction factors must be epplied in these cases.
PP

Tols

Paver Chromptogrephy of linids

Pl
1y

Mogt successful applications of this technigue in the

- h

liéid field hove emnloyed impregnated papexr. The use of
‘untreated popers has been largely uasuccessful (25), and thig is
egpecially true in the case of fdtty acids vwhere chromatogrephy
has bezen complicated by dimerisotion caused by hydrogen bonding,‘by
adsorption to the paper, and by incomplete dissocistion in meutral
or veakly acid systems. Sepavations have, however, been obiained
on reversed phase papers impregnated with such substances as
undecene (26) aund Lkerosene (27). For lipids other than fatly
acids,greatest progress hes been made vith the uge of silicic

acid - impregasted filter peper and silicate - impregnated glass
paper. It was soon sghown thaﬁ the separations on silicic acid
columms obtained for blood lipids by Borgsirom (28) ond by
Fillervp and Mead (11) could be duplicated and even improved by
the use of paper. Silicic acid filter peper ves used extengively
by Rouser et al, (25) and by Marinetti (29) for separating ‘both

neutrel lipids and phospholipids.




or silica gel has proved exbiremely useful where the use of a

corrozive charring vecgont is desired, Such pepers are

extrenely scasitive and o little es 042}Lg. of o compound may

be detected. Muldvey et pl. (80) have produced ekcellent
separations of phospholipids using a solvent system including
pyridine, Ivmregnated glass paper resembles thin-layer
chromatonlales very clogely sad it has been sghovm by Hamilton (31)
that solvenb'sysﬁeﬁs developezd for the separation of bile scids
can be tremsferred to use with {thin-layer plates with equ&llj

good results.

Jon Exchange pavpers

This type of paper is useful for the separation of highly
polax lipids such as sulpholipids. Its very low cepacity cen
be coipensated by the use of radiopctive compounds and under
t%ese conditbions some extremely useful aeparatiéns have been

obtained (32).

Thin-layer chromatogrephy (TLC)

Thin-layer chromatography (TIC) emerged around the same
time as paper chromatégraphy to fulfil the need for & micro-
analytical technigue. Howeveyr, owing to initial problems,
such as mechsnical instability of the layers, paper chroma-

tography was the first to be successfully developed.
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TIC, although desoribed 33} as early es 1938, was nob
recognised o5 a useful gzoneral procedure until about 1956,
Exemination of recent literature on chromatogrephy indicates
that thin-layer cﬁromatograuhy iz in wore widespread use then
peper chromatogranhy. There are, however, certain speciglised
areas of poper chromatography in which its power has not yet
been equalled by TiC.

Thin~layer chronatogrephy was first described by Izmailov
T

. \ . .
and Shraiber (33) in 1988, Thege workers dusted aluming on to

gless plates and separated verious substonces on these loose
layers. Ieinhard end Hall (84) were first to employ & binding
agént (sterch) to give the layers mechanical stebility.
Kircimer el al. (85) developed the procedure further end
demonstrated its epplicahility to the separation‘and identi-
fication of terpenes. Although a few compounds other than
terpenes were sepovated et this time, the general scope of the
method was not fully recognised. It was first introduced as
a general procedure for enalytical chromatography by Stahl (=5)
who in 1935 introduced a calcium sulphate binding agent which
is still in use today. He described separations onllayers of
about 250 M thick of a special adsorbent "Kieselgel G" consisting
of silica gel (> 200 mesh) with a calcium sulphate binder.
Although this type of chromatography hed been widely used

in different fields of research, it was not until 1939 that
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Mangeld {(87) sispted it fow the snnlysis of lipids. TUsing e
petroleuom ether end diethyl ether mixture be Iractionated lipids
on a silica gel p ate, in the seme way that Hirsch and Ahrens (12)
had carried out frectionation of lipids on a silica gel columa.
Mangold (28,82) drew up general rules on the application of
thin—layer chromatogrophy to lipid opnalysis. The TIC methods
used for lipid enalysis have also been discussed more‘recently

by Bobbitt (40) and by Pedley (41), end are reviewed by

Mangold (42) end Kirclmer (89).

N

ce of TIC .

&N

Operatinge characterigt?

One advantage of TIC over the use of a column is thet it
nore readily sunplieg physi al constents useful in character—
isation. Ta the lipid field it ellows separation of lipids
from extranecous materials, and permits separation of the lipids
into classes of chemically gimilar structure as well as the
subfractionation of thesge ind 1vidua1 classes. A particular
advantage of this method over columm chromatography is that
it is a technique of limited development, as distinct from
elution which is usnally employed with a columm, and thus gives
easier perception of the progress of the analytical separation.
TLC is also useful in that it will provide & tentative
identification through direct comparison with reference

compounds in terms of mobility and colour reactions with
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L spreY Yeagtinuse Cuenvitotive egtimations may also be obtained
either by direct densitometry or by meaosurement of radio-

activity.

Separating Charocteristics of TIC

In T1C, geparation takes place in basically the game order
eg on a coluwmn of corresponding type. According to the
investigations of Brockmann and Volpers (43), hydrocarbons are
adsorbed very lititle if st all. The adsorpbion of uasaturated
hydroé&rbeas increases ecoovding {o the number of double bonds
they contain, I functional groups ere added to the hydro-
carbons, bheir affinibty for édsofption igs increased in the
follovwing order:—

0-alkyls C = O3 NH2; 0l C02H
In all of these groups, shorit-chain compounds are more

strongly adsorked then are long~chain ones, and unsaturated

more strongly than saturated.

Types of loyer

Silica gel ig the most widely wused layer in thin—layér"
chromatography, probehly bacause in the early days of TILC this
was the only commerciaily availeble material. It is normally
supplied containing about 10/ of calcium sulphate as a binding

agent but if desired it canm be obtained free from this substance.
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conpound which causes subsbtonees which abzord uldra-violet 1i
to he seen under & U.v. lamp without prior soraying

Neutrel alunina (44} has approzimately the sans éeparating
characteristics ag gilica gel and has been used to sepsrate such

compounds ag terpenes, alkalolds, steroids and aromatic and

1ode

ali

phatic compouads. Beecause of its later evailebility, it is
not so widely used as silica gel.

Cther materials such as :iéselguﬁr, hydroxyepatite,
celluloge, and Sephadex sre avaeilable and are especially ugefunl
in the chromatogrephy of polar compounds guch os amino acids,

proteing end nucleic acid deriveiives.

Svecial evvlicationg of TIL involwing modified layers

ra

Acidic compounds are especianlly well separated on layers
prepaved using 0.8N oxalic acid, Since untreated silica gel
is ecidic, basic compounds are not ‘transported owing to salt
fbrmaﬁion with the leayers. This froblem can be overcome by
the use of allkaline (45) or buffered {£5) silica gel layers,
and these have been applied, for instence, to alkaloids.

Remarkable separations of compounds with very small

differences in structure or stereochemistry can be achieved

by TIC, However, natural 1lipid mixtures are frequenily



rouwps of compounds diffcring only inm ¢hoin-lengibh, degree of
unseturgtion or in stercochenmistry of the component fatty acids
or alcohols. The coupogition of each lipid, with respect to
these compounds, cen generolly be readily determiﬁed by gas-

.

liquid chromatography (GIL) after itrans-esterification or
hydrolysig. However, for,ﬁany Eicehemical studies it would bhe
more useful to be able to {ractionate each lipid class into its
individual comﬁcnents, or et leosd, into simpler and more
closely defined mizuvures.

Chromotogrephy on this lsyers of silica gel impregnated
with silver nitrate mekes it possible to separate compounds on
the basis of the number, type and position of the double bonds.
The silver ioas in the adgorbent form complexes with the double
bonds in the uvassturated compouad giving separations which were
not preﬁiously possible. The use of sil%er ion chromatography
in the lipid field has been reviewed in a recent paper by

Morris (47).

'
i

Other useful methods for the study of unsaturated
compounds in the presence of similar saturated compounds
include bromination end hydrogenation of the compounds actually

on the plate before development (48).
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Up to %this point we uove yederred Lo thin-lgyér chroma-
tography as used in e puraly snclybicel meaner, but it is also
freguently employed to achievs preparchive seporations which
would not he possible or as conveniend by the use of & ﬁolumn.

Vormal enolytical plates have layers of adsorbent of approximately

0.25 rm, thickness end are "gpotied" with mixtures of the order of

a8

1
3

20 ~ 40}l g of material. Using layers of between 1-2 mm., thick

D"

o & 20 % 20 em. plave cuantities ag high asg ten milligrams of

material have bhesen geparated on one plate end collected, One

of the big problems in using preparetive TLC ig that the plates

.

2 gprayed with the desiructive

Lad 9,

conuot for cohvions reasons

?‘3'

oxidising reagents freguently used in analyvical TLC,; and othex

Ao
=)

. )

methods of visuglising vhe seperated bonds have to be devised.

G

For compounis which are visible wnder vlira-—violet light theve
ig no prodblem, but for others, non~destructive methods such as
brief exposure to iodine vepour, or the incorporation of an epsily

!

rexzovable dye (= vch as Rhodamine 6 G) have to be employed.

The TIC of trimethylsilyl ethers

The usefulness of trimethylsilyl (T3Si) ethers in thin-
layer chrozetogrephy is not widely eppreciated probably because

of the earlier misconception that derivatives of this iype undergzo

repid hydrolysis even under the mildest conditions, While this



may be trus ©o sone exbent of 151 ethers of phenols and

&

oximes, these formed from eleoholic hydroxyl grouns are fairly
stable ot neutral pd even in agueous medin, The technique was

first epplied to the purificevion of TS i etherg from extrancous

).:

materials for GIC purposes (74} end successive groups of workers
have used the extremely low polerities of these derivatives to
izprove recoveries of polyhydroxy compounds in preparative TIC,
Until recently, the guaatitetive elution of steroids containing
rore than one hydroxyl group hes proved difficult (75}, however,
-using TB1 ethers,Brooks and Vatson (73} have demonstrated
recoveries of S0 per cent or better of radicactively labelled
steroids containing one to four hydroxyl groups at the 10 np.
level. Quentities es low as 1 ng. (76) or as large as 80 mg.(??)
have been successfully recovered without eppreciable losses due
to adsorption or hydrolysis.

TIC of Ti'Si ethers has also proved particularly effective
in group seperations {78, 79) such as the isolation of purely
hydroxylic steroids from those possessing Lketonic groups. In
our vork we shall demonstfate that it cen also be adepted to the

separatloa of individual steroids and that it has proved

especially useful in resolving epimeric pairs.
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Goo~licuid chromatoory
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Gas-liguid chromavography was imtroduced by James and
Hartin (57) in 1952 end is today probably the most important
form of po titién chronatogrephy. Like mos?{ other chromato-
graphuic teclmiques it had its origing in the field of bio-~
chemigtry, although a large pert éf its early development was
directed toverds its use in petroleﬁm chemistry.

In GIC the volatilised semple is partitioned between a
liguid stationary phese, held on en inert solid surface, and a
(mobile gas phase, The coopounds are separated ffom one another

in a flowing gas phaze, arc detected as individuels in situ, but

are not normally recovered in the pure atate, unless there is

2o

gome specific wotive for doing so0. The uze of this technigue
in the biclogical field was greatly enhanced by the introduction
of highly sensitive detectors end by the aveilebility of column
packingg coated with this Tilms of thermostable liquid phases,
enabling the analysis of smell queantities of highly complex

nixtures.

Stationary phases

In "packed-column" chromatography, the stationary phase
is d non-volatile gum coeted on an inert solid support, whereas
in "eepillary" or "open-tuba" chrometography, the inner surface
of the tube is coated with the stationary phase end no packing

*

is employed. The liquid phases currently in use fall roughly
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into two catogorice, non-zelective gnd selective,. Non~selective

&

rC¢ing to theiyr molecular weight

'phases geporete
end shape end are only slightly effected by the tyﬁe of
functional group present in the wmolecule, Such phasges arve
normelly high boiling petroleun greases, or siloxane polymers
with methyl subsvituenis. On the other hand, selective
stationary phases shovw cheracteristic behaoviour which may often
be related to specific functioﬁal groups, and are usually
polymers éf the polyester type or methyl siloxane polymers with
additional polar g?oupfngs such as fluorine or cyano-ethyl.

An infinite veriety of special separations of an intermediery
nature can be obtained by cereful blending of selective and

non-selective phases in definite proportions.

Columns

The columas used by the early wvorkers in this field (58)
contained packings with a high percentage of liquid phase,
sometimes as great as 40%. This, although not necessarily'
leading to low efficiencies gave very long retention times
(i.e. the time taken for o semple to emerge after addition to
a columm) for comﬁounds of high molecular weight such as steroids.

The intreduction of packings with 1 - 2% of stationary phase
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greavly increasasd the opplicability of the method by reducing
retention times of high molecular weight coxpounds. It also
helped to avoid columm "bleed" when the highly sengitive
detectors vere emnloyed.

The efficiency of a colwm is measured in "theoretical
plates” end is caleulated from the followving formula:

R,
P
n =16 (37

2

where RT ig the retention time and W is the widih of the base

of a penk. The first columns with a low percentage of
stationary phase srere abhout 4 f4. loang and had efficiencieg in
the region of 2000 — 4000 theoretical plates, Vith the develop~
ment of the theory of gaz chromatography it hes been pessible to
increage the resolving pover of colums givznv efficiencies up

to obout 40,000 theoreticel plates by increasing the length of
the column to between B0 and 100 fi. and decreasing the diameter

to about 2 rmm, High efficiency colums of this type were first

developed by Scott (59).

Detectors

The types of high efficiency colurm described above would
be ineffective if high effi iency detectors were not available
ﬁo be used in conjunction with them. The first type of high

sensitivity detector, the ergon ionisation detector, was




developed in 1230 by Lovelock (60}, Sinod

high gensitivity detectors, notably the flome ionisation and

the electiron cepture detector have been developed. These three

detectorg ave bosed on en donisstion principle and each has its

e in use, The orpgon ionisation detector is

.I

tive than the fleme ionisation detector

,,J-

slightly wore sensi

permitting the detection of concentrations of solutes in carrier

-198 o s
gas dowa o about 100 7 g/ml: on the other hend it is extremely

sengitive to impurities such ez oxygen and water vapour in the

cerrier ges vhich veduce its sengitivity for the detection of
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orgenic compounds..  The flame iomisati
hand does not haove this disadventage end is probably more
vniversally useful, The third type of detector, the eleciren
capture type, is rather specialised in its epplication, since
it detects only substonces which contoin atoms gsuch as oxygen,
nitrogen or haloger which capt ufe electrons, It is the most

sensitive detector of the three.

Operating technigques

A sample may be introduced into a chromatograph either
as a liguid solution or/&s a solid, the primary reguirement
being that it is veporised as near instenteneously as pOSsiblg.
Syringes are available to deliver from 0.1fl1. to 2501, into

“the instrument, the norial injection size being betveen C. 2}11.




and 1jL 1., since lorger guontities of solutiom produce lerge
"solvent peaks" which cen corpletely obscure early peaks as well

es reducing the sensitivivy of the detectlor,

.

.

The major disedvantage of liquid injection is that only &
portion of the total gemple is utilized, Thére aye many
instances especially in quantitative uses in biochemical systems
vhere it is desirable 1o iniroduce the total sample. "Solid
injection" has provided a mears vhereby an entire sauple can be
deposited on a wire gouze, the sclvent eveporated, and the solid
introduced onto the top of a chromatography colurm. One of the
best such systems vas devised by lienini and Norymberski (61).

. .

This technigue is limited to sesples of low wvolatility.

Derivative formation prior to chromatoprenhy

The emount of information gained by gas chromatogrephy
cen be greatly increased by the use of suitable derivati&es.
There are two requirements that h&vé to be fulfilled for such a
derivative to be of use in GIC. Tﬁe reaction used in formation
of the derivative should be essentially quantitative, and the
compound thus formed should have a retention time merkedly
different from the parent compound.,

There are several reasonsvwhy derivative formation may be
desireble in this type of chromatography. Firstly, in many

instences the preperation of suitable derivatives will increase
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the separation ol the conponenis of o mixture as cowpared with
the pareni compounds. Secondly, foxr highly polar compounds as
sugers, amino acids and fetly ecids, derivative preparation is
absolutely essentisl to reduce the polarity of the parent compounds,
providing substencesg suitable for chromatography. Thirdly,
derivatives which lower the polarity of a compound, as do wost of
the derivoatives currently used in GLC,are extremely useful for
guentification purposes as they greatly reduce adverse adsorption
effects. lost of the useful derivatives elso increase volatbility
end thus eid not only chremetography but also preliminary
purificavion, e.g. by sublimation.

The types of derivatives in general uge at the present time

are listed beloswrs

FUNCTICNAL GRLUP TERIVATIVE
Iydroxyl group Acetate, propionate
triflvorcacetate

trinethylsilyl ether
methyl ether

Carbonyl group N,N Diwethylhydrazone
O-2ethyl oxime

Carboxylic acid , Methyl ester

group

Amino group Acetyl derivative




61

Applicption of Gi€

The walue normally measured in qualitative GIC is the
retention tine, along with which the packing material being used,
the temperature, the gas flow rate, and the colurm dimensions
also have to be recorded. Because several of these factors are
variable, the retention time hes %o be related to that of a
reference cormpound run under identical conditions in order to
obtain stendardised dote. Hlence, & frecuently calculated value
is the relative retention time

_ teom.

ref,

relative retention time

(o
I

retention dime of compound

t
ref,

4

revention time of reference compound.

For steroids of ﬁhe cholestane series, the reference
compound normally used is the hydrocarben 5C\-cholestene.
However, e superior method of compensation for temperature and
gos pressure variability is aveilable and this method of standard-
isation iz called the "Retention Index" system, In this system
the point at which a substance is eluted is measured on a scale
supplied by the eactual ges chromatogram itself. The fixed
points are obtained by plotting the logarithm of retention time
againat the carbon number of the members of a hom&logous series
of n-alkanes. Such a method gives a reesonably universal system

of stenderds. It is elso extremely useful for temperature




progrevmed gag chvomnbosrinhy where the use of a sinsle ye:
copound. weuld be inppropriaic.

GLLC has besn used in almost every field of organic
choﬁis try where substences suitable for chromatogrephy are -~
obteined, Lut probably its mogit exltensive application has bheen
in biolegical regearch. Thig is a field where the enalysis of
minute emouvnts of highly complex mixtures iz essential to the

“aT L

solution of morny problems, Probebly the mest fregquent epplication

in this context has been to natural steroids in the fields of

$338vall (62) has made

biclogy ond medicine.

o
&

)

remarkehle progregs in the field of human bile acids by examining
them by GIC as their methyl esters. One of the besgt exexples of
the quentitative vse of this technique has been in the field of
the steroid hormones where it has beern extengively used for
example in the egtimsiion of urinary pregnsnediol (63) énd
pregnanetfiol (64).

Sugars may also be exemined by GLC after conversion to
volatile derivatives such as trimethylsilyl ethers, acetates or
methyl ethers. The usefulness of GLC techniques in the analysis
of carbohydrates from meiural sources has been illustrated in the
work of Aspinell ond co-workers (65).

The . semiquantitative application of gas chromatography is
frequently demonstrated in lipid investigntions, where it has

been used to estimate the relative percentages of the various
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fractions (63).

Additicengl methods usged in conjunciion with GIC.

Although gos chromatography can provide subatanﬁial
evidence. for the characterisation of en uanknown cowpound, cormlete
identification by this method alone is seldom feasgible. ITlution
of more than one couponsat at the same time is cormon, and
therefore it is advisable to uvse more than one column in eny
identification or betiter to ermploy somwe ancillery non-chromato—
graphic method of chareocterisation. s

Before any of these edditional technigues may be used, the
separabed compounds must be trapped in some manner. The materials
may either be led directly from the gas chromatography into a
second analytical epparatus or they may be collected separately
for subsequent analysis. Wheré possible the direct method is
| preferable as condensation of samples produces several techmical
problems, |

Vhere compounds containing conjugated double bonds are
being exemined, ulitra-violet spectroscopy is e very suitable
method for use in conjunction with GIC. The sample size of
1074 o 10'5g. needed for en examination makes it approximately of
the correct order of magnitude for use with this form of chromato-

graphy. Ultra—~violet spectroscopy is of little use for compounds

which do not exhibit conjugatiom.
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07 more genersl uze and

effective technigues (67) hove heen developed for trepping GLC

s "’4 .
5 to 10"~ g. is

fractions., A slighily larger semple of 107
necessary for adeguate characterisation by this method,

Nucleor magnetic resonance (N.1.R.) hes also been ussd in
conjunction with GIC and & direct tropping cell has been described
by Brane {88). A modern high resolution ingtrwnment used in
conjunction with o computer con produce a gpectrum from as . little
as 1Owi3 g. wnich will give considerable siructural information.

The technigue which is most nearly eguivalent in
sengitivity to GLC is mess specironetry. This technique hasg the
added sdventage that it is elso a vapour phase method and in view

of its extensive uge in our work it will be more fully discussed

separately.

Gas chrematosrenhy — mogs spectromaiv GC-13
)

Although the chromatog*&phic wethods outlined so far afford
imporiant evidence for the identification of en unknown compound,
complete identificetion by the physical constants derived in this
wéy alone iz seldom feasible, Ideally it wouid be desirable to
epply im conjunction some non-chromatographic method of
cheracterisation to strengthen the certainty of each structural
assignmwent. Where the availeble sample is smell, few techniques

are as useful as mass gpecirometry in providing detailed




gtruacvural inforuation, its appliceticon in the study of o large
number of 1lipid materiols has beon denonstrated in the work of

Ryhaze end Stenhagen (69). This method may be applied to lessg
then one micvograa of a pure cowpound, bui on the other hend is
of limited value in the siudy of mixtures.

As well es being an extremeiy powerful separation techmnique,

GIC iz elso useful in characterisation., Therefore, a combination

of gas chromatogrophy end mass specitrometry, if possibie, would

®

represent o technigue of immense uee in biological studies.
The individuel procodures posscss two impoviant similarities
which riake such a combination technically feasible, namely thet
beth are performed in the vepour phase snd both are conceraned
with microgram quantities. There are two ways in which such g
combination can be brought about: either the separated sawples
are individually condensed from the gas chromatographic effluent
for subsequent mass spectrometrj, or they are allowed to flow
directly into the mazs specirometer while still in the vapour
phase. The latter method is the more desirable since the
collection procedure has several serious disadvantages:-
(1) There are usually considerable lesses in condensing and
transferring samples;
(2) +the process is time consuming and requires considerable

skill, especially when dealing with microgrem quantities.




(3} the nass gpecorin ohiweined usuaily represents the average
corposition of the chromatogrophic effluent over the dime
of collection which pay be several minutes.

(4) ‘There is e lock of confidence in the correspondence of o
particuler chfomatogrgphic pealt to the gexple condensed.

(5) Soumetimes compounds which ave perfectly stable in the imert
carrier gas decompose when they ere condensed in the
atrmoaphere,

In contrast the direct technique is much faster end greatly
reduces mechavical losses and the possibility of contemination.

ecomposition iy minimised;end the nnss

£

The possibility of
spectruwm obtained represents the compogition of the chromato-
graphic effluent over & few seconds, This fact makes it poss sible
to record several sequential mass spectre during the emergence

of one chromatographic peek,ond thus to detect impurities or

unregolved mixtures.

Methods of combination

Improvenments in the design of commercial mags specirometers
provided the fast scanning instruments necessary for such a
combination. YFor packed column gas chromstographs provision
has to be made for removel of the carrier gas,which would cause
excessive pressures in the mass spectrometer resulting in peek

broadening and lack of redolution, To remove the carrvier gas



between the goz chrongiogy as inlet

) 5T . . . SR
of the mess spectrousier. Tarly coubinction ingtruzents (70)

were able to overcocume the ghsence c¢f such a device by the use of

capillary ges chremetographic columug, which, by their very nature,

have o very lov gas flew and thus e high souple to carrier gas

C_‘..

concentration. Such & aystem ollovs direct sampling of the
GLC effluent into the mags spectrometer,

Recently an efficient molecular sevarator, for use with

pecked colwnns, has heen developed in Sweden by Ryhage (71) and

has been employed in & suvccegsful commerciel instrument (see Tig.6,
the IiB ledel 9000 instrucent). An aliernative system of
comparahle efficiency has been developed in the U.S.A. by Vetson

end Biemann (62) and has also been used in commercial combination

ingtrusents,

Automation of GC-1B

A GC-18 instrument can handle complex mixtures extremely

s

\

1

fapidlye Unfortunately, the injection of solutions reQuires
the presence of an operator ot freguent intervals and wastes
‘almost half the operating time of the instrumeﬁt, wheﬁ it is out
of action during the night. However, the development of
automatic "solid injection" systewms for comﬁercial gas

chromatographs will no doubt be extended to GC-18. instruments
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ingtrunent is that it

The other hondicon with

h faster than it can be

o

produces mass spectral informetion mu
dealt with by one person. Analysis of moss epectral data is

a tedious and time~consuning process. However, it is possible
to deal with such informetion on a computer (73), end, perhaps
an outowatic injecting GC-15 instrument linked to a small
computer will be o commercially available ingtrument in the

near future.

The various technigues outlined here provide probably
the most powerful method of separating and characterising
‘microgram mixtures of unlnown compounds, especially when they

are used in conjunction with one amother.
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The conalysis of steroids, especinlly ithose derived from
natural sources, presents meny probleams in isolation, separation,
characterisation and identification.

Steroids are usually relatively easy to isolate as a group,
end in the free form they are'usually extrected with & lipid
solvent mixture such os chloroform-methanol (2:1 v/v).

a

However, in agueous média such as urine or bile, steroids exist
laergely in water soluble conjugated forms such as sulphates and
glucuronides, or in the case of bile acids a3 glycine or taurine
conjugates, Thege conjugates ere relatively insoluble in lipid
solvents end reguire & special exitraction procedure frequently
invelving the use of zuch extraction mixtures as egueous alcohol
or aumonium sulphate/terti&ry butanol, after which the free
steroids are liberated by hydrolysis;

Many of the separation processes used in steroid chemistry
depend on the chemical properties of the molecule. Such
properties are essentiplly determined by the type and.numher of
functional groups present. Chemical separations om fhe basis
of functional groups are an invaluahle preliminary to any
investigation into steroid structure. These will generally

separate one class of steroid from another (e.g. ketones from

alcohols) and are usually based on differences in solubilities



of ioniged and non-ioniged cempounds. For exauple, basic
extraction will selectively vemove acidic and phenolic compounds
from e lipid extroct by conversion of these ccompounds into their
water soluble ionised sodiwm salds, while the neutral compounds
remain unchanged in the lipid solvemdt. Similarly, by formation
of a water soluble Girerd hydrazone devrivetlive, ketones may be
preferentially removed from a lipid exiract. The separation
of individu#l members of e group is usuvally then accomplished
by sowme form of preparative chroméﬁographye

The gecond problem is the characterigation of the newly
isolated sgteroid, Group separations, if emmloyed, have solvea
pert of this problem in that they have indicated the presence,
though not the posgition, of e particular functional gfﬁup.
From this point, it is usual to assume regular nuclear structure,
wlegs there is any evidence for any other viewpoint, and to
attempt to correlate the unidentified steroid with known
cémpounds.

The main features which have to be settled are the size
of the skeleton, (since steroids may comprise eighteen to thirty
carbon atoms), and the stereochemistry of the ring junctions end
nuclear substituents. The most reliable, but the most tedious
method for settling the stereochemistry of a steroid is a detailed
X-ray enalysis of the crystal structure (1). For a completely

newv type of steroid such an analysis may be necessary. Vhere
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this is not possivle, the sieveochenmisiry way be ags

-

the

s

Jude

gaed o
bazis of chemical reactions end physicel evidence,

Ring junctions B:C end C:D are trans in stereochemigtry
in elmost ell maturally occurring steroids, vhereas ring junction

A:B is trong in some steroids and ¢is in others.  The spatial

arrangement of nuclear substituents ngy also be decided from an
Xeray study, but it is more usual to use chemical evidence such
as reactions of known stereochemical consequence, or formation
of new rings using the substituents, mong the physical
techniques vhich may also be used to setile this problem are

infrared spectroscopy and optical rotatory dispersion.

The clagsical avuroach

Barly structural studies on steroids.were conducted with
cholesterol and the bile acid cholic acid,which were abundantly
evailable end easy to isolate. The structures of these steroids
were established mainly by exhaustive oxidative degredation.

The next phase of steroid resgearch was concerned with the
isolation of the steroid hormones. These compounds differed
from cholesterol and chelic acid in that they were only found
in minute quentities in the body. éheir isolation and identi-
fication illustrates the classicﬁl approach to the problem, and

is well illustrated in the wq;k on the hormones estrone (2) and

endroaterone (3). Both these stercids were isclated in small
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guantities from enoymous volumes of wirine in vhich their
presence hed been indicated by biological azsaay. The pure
compounds wexe only crrived et after extensive vacuum digtill-

mation and erystellisation. The final

lade

ation, and repeated subl
product ves chovecterised by its melting point and optical
rotation., (A sinilar epprosch wes used by Hardegger et al. (4)
to the minor steroids of the humon eatheromatous aorta.)

After chareciterisation of the igolated sterocids in this
wey, ideutity wes established by calculation of an empirical
formula from e}emental annlysis, followed by extensive
degradation. The sitructures of the degradation products were
esteblighed by syanthesia.

The various classical identification procedures can be
broadly divided into two groupa:

(1) +those giving contributory information, eund
(2) +those providing exclusive information.

’ Into the first categery fall the determination of
emirical formula end molecular formulee, the numerous methods
‘of determination of type end number of fumctiomel groups and the
determination of physicel properties such as optical rotation and
absorption spectra. TEach of these methods contributes to an
identification but rarely gives a solution exclusive of all other

possible structures. In the second group the object is to show

that the unknown compound is identical to a kmown compound.



Into thig class fall vhe determination of melting point, both
geparately end mixed, and fingerprinting techniques such as

infrared spectroscopy.

The pregent evproach

At the present time ve still use parts of tﬁe classical
proéedures, especinlly those which have heen adapted for use on
a small scale.  Although, for instance, molecular rotation
measurements cannot be used roﬁtiuely onn less than about 1 mg.
of material they have largely been replaced by TIC and GIC
paraneters. Molecular robation evidence, and espécially
rotatory dispersion, are hovever, still used in importent

icient quantity of pure material

L)

identifications where a suff
can be emasscd. Isolation of steroids is now usually done
initially by column chromatography followed by preparative TLC

for the subfractionation of this group.

Cnromatowranllc mobilities in characterisation

In characterisation, much more uge is nov made of

'

regularities in‘chromatographic mobilities._v Much of the early
work on the correlation of the chromatographic behaviour of
stéroids with their structure was done by Bush'(5) using paper
chromatography. He extensively applied the equation developed

by Bote-Smith end Vestall (6) for partition systems, namely

Iﬁ[ log (RF -1).



Usging this hevwas anle to cpleulate O Lﬁ velves for the iatyo-~

duction of & specific functional grouvp into a given position

end orientation. He used the term ZXMMS for the difference in

RM values of a stercid in two different solveanl systems, Thus

using the RF value of an wnlmowm steroid determined in several

different solvent systems, Bush vas able to identify many steroids.
A similar epproach to B, values was used by Lisboa (7,8) for

TIC systems. He deviged a method for the identification of

nicrogrenm amounts of steroids using this technique. Unfortumately,

when a steroid is e¢hromatographed using a nmixture of solvents on

a thin-layer of silice gel it is subjected to en adsorpiion and

a partition process. These differing effects interfere with

the determination of é}E%ﬁ values. Together with this, the

irregular saturgbion of the upper regions of the chamber limit

the use of these values in TiC.,  However, although accurate

constants cannot be determined,'approzimate data are obtained

which greatly aid eny steroid characterisation. This is

extremely important where the stercid is available in quantities

vhich are insufficient to permit infrared spectroscopy.

Lisboa (8) also used group colour reactions for the in situ

characterisation of steroids after development. Using colour

reactions, he was, for instance, able to differentiate between

hydroxy end keto-steroids and even to suggest possible locations

of the functional groupa before undertsking a study of RM values.
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corrolotions bLodtis cronion hehoviouy and siructure of

stercids were esitoblished by Clayton (9,10,11} for a seriey of

sterol methyl ethers, Ee caleunlated "gyroup retention factora”
vhich exmressed the relative changze in retention time fbr hie
intreduction of a particular substitusnte He intreduced the
eguations

romoy X Ka XZKb X oose
in vhich the relative retention time of the steroid is
approximeted by the prodney of the retention of the pareat

nucleus (r ) and the group retention facltors (Ka, Kb ete.).

%

This relationship only holds wvhere there is no interaction of

the substituents end its epplicebility for different types of
compound wes later illustrated by several other workers (12,13
14,15},

Eaights and Thomas (16) sugaesied thet the logarithnic
form of Clayton's equation was more convenient, i.e.

log r = log ro ¥ log K& + log Kb + eee

Such values are especially useful because of their close
relationship to the AR 2, volues calculated for thin-layer and
paper chromatography. Using this opproach these workers were,
for instance,able to demonstrate the congtancy of the contri-
bution of the C~10 methyl group in a large number of steroids

-on 0I'-1, The substantial variations found in the value for

e



compounds than Knights aud Thomes {16} end esteblished the
constancy of greup retention factors for certain hydvoxyl,
acetoxyl end ketonic groupings end for acetylation in nuwerous
examples. Unlike previous workers they also used standard
deviations to demonstrate the velidity of the experimental wvalues.

Hortman end Yotiz (14) studied the GLC behaviour of a series
of C~19 imomeric steroid peirs end calculated log r values for
hydroxyl, trimethylsilyl and itrifluorocacetate groupings. Using
these results they were able {o correlate GIC béhaviour with the
chemical nature of the liguid phasze baing used. These workers
also noted that the retention time of the 50 ~androstene nucleus
was consistently greater than that of the 5@ -isomer as had been
found by earlier investigators (183,16,1%).

Vendenlleuvel end Horning (17) were also aware of the many
regularitics in the chromatogrephic behaviour of steroids.
They introduced o new ter:m, the siteroid number (SN) for the
elucidation of the structurél features of the steroid nucleus.
This term was derived from the work of Woodford and Ven Gent on
fatty acids (18) and in effect it employs the parent éteroid
nuclei as reference standards. Retention factors associated
with particular furnctional groups were then expressed as

‘characteristic contributions to the siteroid number,



Uass spectromelry and sitersid siructure

lass specuirometyry is of great velue in confirming structurel
assignments made on the basis of chromatographic mobilities.

Its value is accentuated when it is used in direct combination
with e gas chromatogrenh. A mass spectrum derived in this way
may either be used as a "fingerprint" for comparison with that
of a reference compound, or it may be analysed with the aim of
relating observed fragments with fragmentation expected to occur
on the basig of siructural features.

Mass spectrometry was first epplied to steroids by de Mayo
and Reed (19) with particular reference to the determiﬁation of
molecular weight. Since then ﬁany studies of the mass specira
of steroids have been carried out: for instance, Friedland et
al. (20) discussed the principal fragmentaition processes of a
group of stercid alcohols, whiie Bergstrbm et al. (21) emphasised
its use in the determiﬁation of the wmolecular weights of bile acids.
A more detailed discussion of the fragmentation patiern of
steroids has been published by Ryhage and Stenhagen (22).

The fragmentation processes of the saturated skeleton
heve been detailed (19,20,33) in terms of the hydrocarbon cholestane.
The ring sysiem of the nucleus gives a very complicated fragmen-
tation pattern in the mass raﬁge below about m/e 200: howev;r,
in the high mess range characteristic peaks appear which meke

.the spectra useful for identification purpoges. One of the



87
most common features of the spestra of C-17 suhstituted steroids
ig the elimination of the side chain plus 42 mass units derived
from ring B (see Tig. 1),
Such a fragmeatation is
represented by the wavy

line in the .above diagremn.

woth worth entuy
Another noteworthy feature

of the spectre of steroidal
hydrocerbons corresponds to Fig. 1

the loss of the C~18 and C-19 angular‘uethyl substituents.

Thus in the mass spectrum of cholestane (M = 372), the base pesk

occurs at w/e 217 M - (08H - 42) aund an (M-15) species is

17
abundant, Algo evident are ions arising from the loss of the
side chain (i.e. M = CgHy.) ot m/e 259 and the side chain plus
ring A at m/e 203.

Sterols tend to eliminaté the elements of water in the mass
spectrometer, an effect which is due partly to thermal processes
and pertly to electron impact. The resulting spectra closely
resenble those of the corresponding olefins. Acetates and o@her
esters undergo a similar eliﬁination, but the process is less
nerked with ether derivatives. Satisfactory spectra of alcohols
can, however, be obiained by their introduction into the mass

spectrometer via a gas chromatograph inlet system, or better by

conversion to trimethylsilyl ether derivatives (see below).
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Unlike that of sterols, the fragmentation of steroidel
ketones is frecuently unpredictable and extremely coxplex.
These compounds often undergo rearrangements during fregmentation.
Such & process, an exasple of the more general "McLefferty" type
of rearrangement, is illustrated below.
-0
R - OH

e ” -+

R’ - CHy e

4o
R .0
9;5 H

N

/
5 R

This mode of fraguentation involves fission of.the‘a - 5 bond.
The mass spectra of steroidal ketones have been extensively
studied by Dierassi and co~workers (23,24,25).

The success of mass spectrometry in the analysis of steroids
hag been largely due to the introduction of specific derivatives
to prbtect labile functicnal groups and to promoite a regular
pettern of fragmentation. Freqguently derivatives are chosen
vhich elso give good gas chromatographic characteristics and

o

these ere especially useful in the GC-I5 combination instrument.
For sterols such e derivative is the trimethylsilyl (TS i)

ether derivaﬁive. These derivatives were introduced by

Sharkey (26) in 1957 with the object of obtaining better

molecular ions than %ere normally obtained from alcohols and

their ester derivativesz. Later these derivatives were shown

by Luukkainen‘gi al. (27) to have excellent gas chromatographic
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separation properilies,end sirce them they have bhecome extensively
used in thiz field, The masa specira of TS i ethers are
characterised by losses of 90 mass ummits corresponding to
trimethylsilanol [}cas)ssioé] a2 Teature easgily recognised in
such spectra. Perbaps the most valuable feature of THSi ethers
in mass spectrometry is their tendency vo proﬁote well-defined
modes of fragmentation with the formation of rother stable ions
of the trimethyleilyl oxoniun type. For exasmple, where a tri-
methylsilyl ether grbup occurs in-the.side chain, as in 24 éﬁd
25~hydroxycholesterol bis-TiiSi ethers the following process is

typical of the type of fragmentation which tekes place.

(llH3 CH4 . )
H5OSiMe, . CH=0SiMeg

PALLN

: .One feature of the mass spectra of this type of derivative
which has been especially useful in our own work is the
extremely high abundence of the m/e 129 ion in the spectra of
£f - 3B-dxﬁmethylsilyloxy steroids. This fragment has been
established to consist of the TXSi ether grouping and carbon
atoms 1, 2 and 3 of the steroid nucleus (381,28). A fragmen-

tation of the following type has been suggested for the

formation of this ion.
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17-Trimethylsilyloxy stercids of the androstane and oestrane
series also give an intense peak at m/e 129, but are readily
distinguished from the 4&-—{¥3-trimethy1silyloxy steroids which
also give an intense peak at 3-129 (31,82).

Derivatives are also-extremely useful in promoting regular
fragmentations of keto—steroids and for this purpose ethylene
ketal (29) end O-methyloxime derivatives (30) are especially
.useful. The GLC behaviour of unsubstituted oxime derivatives
is greatly improved by the formation of O-irimethylsilyl

oximes (31). The spectra of these compounds are characterised
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e}

by the loss of 89 mass uanits due to elimination of the

trimethylsilyloxy group.

Structoral Ideantification

If completely new types of compound are encountered,
structural identificetion still remains a major problem even
with 211 the techniques described above. A possible approach
in such a case is extensive cheracterigation and limitation of
probable astructures by TLC and GLC under various conditions
followed by low resolution mass spectrometry_of the compound
and of suitable derivatives and chemical transformation products.
The development of micro infrared and MR spectiroscopy has also

proved extremely useful in giving structural information.
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1* Soiyents and Extracts

All solvents used in this "work both in extraction and
in chromatography Tfere of analytical grade and "were freshly
distilled before use. Final organic extracts "were dried over

anhydrous sodium sulphate, except as otherwise stated,
2° Preparation of Tissue

Figure 7.

cut
cut



S7

All acrias were received open (see Fics. 7 and é) within
24 hr. post wmortem, They were washed in normal saline solution
(150 milli-equivalents sodium chloride per litre) for a'few
minutes to remove adhering blood. . The three layers (intima,
media end adventitia) were clearly visgible. The fatty outer
layer (tau adventitia) was peeled off lengithwise and discarded.
The differing texture of the individual leyers made this
separaticn a fairly simple pracedﬁre. The remainder of the
artery (intima plus media), usually in the region of 80-40 g.
of tissue was cubt into simell pieces {(ca. 2 ¢m x 2 em) in
preparation for homogenisation and extraction,

(h) Faults of the initial tissue preparation.

As was pointed out by Veinhouse and Hirsch (see page 17 ),
when an intimal/medial preparation is used, undiseased tissue is
included ﬁith pathological tissue. Hence lipid changes due to
& normal egeing process ere not distinguished from the changes
caused by atherosclerosis.

(¢) Improved tissue preparation.

The adventitia was peeled from the eortas in one piece ag
described above. The media, or central layer, was then removed
in small strips-across the sorta leaving the intima containing
the plagues. The plagues were vigible as bulges of yellow lipid

material on en almost transparent background of relatively




undiseased intimal tisgsue,. After romovel, the plagues were cut

to a conical flask containing the extracting solvent,

3. Extraction of Tigssus Linids

Meny solvent extreaction procedures have been developed
for the removal of g "total lipid" fraction from disintegrated
tissue and their effectiveness has been discussed in great
detail by Sperry (1) and Tntenman (2). The use of a mixture of
chloroform and methenol ig nov however the generally preferred
method. In the present work the lipids found in an exiract
made with this solvent system include hydrocarbons, cholesterol
esters, cholesterol and other sterols, mono—, di- and
triglycerides, wax esters, free fatty ecids, most phospholipids,
and fat — soluble vitamins and piguents.

(a) Initial extraction procedure

Homogenisation was carried out et room temperature in a
"Peladin" mechanical ligquidiser, with cutting blades driven irom
tﬁe bottom of the container, for five minutes at full specd with
two separate 300 ml, portions of chloroform-methanol (2:1 v/v).
The extracts were them filtered, combined, and washed with one
fifth'their totel volume of distilled véter. The phages were
then allowved to separate overnight in e refrigerator at 4%,

The upper aqueous-methanolic layer, containing non-lipid materiel




wes removed by suction accsrdiﬁg to the method of Folch et al.{3).
() Present procednre

The use of the mechenical homogeniser wos abandoned, asg
it introduced irpurities from the lubricents vhich were necessery
on the spindle of the cutier. It wes found that en eguivalent or
superior extraction could be obitnined by monual comminution of
the plaques and immergion of these tigsue freguents in 600 ml. of
chloroform-mathenol (2:1 v/v)overnight (ca. 15 kr.) in o
stoppered conical flaosk. To minimise the risk of artefact
formotion; the flesk was filled with nitrogen hefore ciosure and
stored at -20°C in the dark. '

The extract was filiered end cautiously reduced to dryness
on & rotary evaporator at 40°C, The lipids were then selectively
re-extractéd from the yellow semi-solid residue with 600 ml. of
diethyl ether-hexene {1:1 v/v) and washed with 200 ml, of
distilled water. The ﬁater washing removes water soluble non-
1ipid conteminants leaving the major lipid classes behind.™
This procedure for the separation of non-lipid material seems
preferable to the Folch (3) method (separation of the methanolic

layer) since some of the interesting poler sterols are

appreciably soluble in methancl and may be lost.

Some 1lipid containing compounds will be removed in the water

wash, for exaxple gangliosides and some cerebrosides. For a
corplete discussion of the extraction of these compounds, see
Entenman (2).
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Table T, Some venragentative tigsue weishts
Total wet Veight of Veight of
wveight of plague : purified
aorba tissue lipid

(g.) (g.) extract
(g.)
118.5 6.8 0.5
87.2 10.23 1.0
130.2 16.8 2.5
7.5 12.5 - 1.25
95.0 14,0 : 1.7
60.5 9.5 0.25
49,5 7.2 0.3

Two of the most severely diseased aortas encountered gave
3.8 and 4.5 g, of purified 1ipid material respectively, but these
were quite unusual, and the tissue preparation probably contained
some media as well as intima, since most of the plaques penetrated

through the medial layer.

4, Coluwm Chromatography

(&) Silicic Acid
Silicic acid of uwniform chromatographic behaviour from
batch to batch can only be obtained if its preperation is carried
oﬁt in a meticuloué WaYe ‘The important variables are, p&rticle
size, metéllic ions, pHl and moisture content,  The method of

preparation used in our work was that described by Horning et al.(4)
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which results in a wmaterisl with a wmoisture content of 9 - 10
per cent.

Silicic acid chromatography was used to divide the.total
lipid extract into its major classes. It was carried out in a
glass column of dimensions 60 cm. x 6 cm. (ID.) which was surrounded
by a layer of aluminium foil to minimisge exposure of the éontents
to light, The column was filled by the slow addition‘of 2 slurry
of silicic acid in hexene and closed by a drying tube to prevent
the entry of dust. Before loading with lipid, the column was
washed with 500 ml. of hexane. An additional 200 ml. fraetion
of heﬁane wag collected and examined for lipid impurities after
eveporation to dryaess.

The best separations on this type of columm were obtained
vhen a load of epproximately 10 mg. of lipid per g. of silicic acid
vas used.> Higher loads, although giving adequate separations of
some‘of the 1ipid clesses, tended to cause elution of cholesterol
esters together with the hydrocarbon fractions. Eluates were
collected in long-neck round bottom flasks and the solvent was
removed by a water pump vacuum with very gentle heating (< 40%)
to prevent the formation of ice onm the outside of the flask.

The eluting solvents employed are shown in Teble 8 and in Fig. 10.

This illustrates the step-wise elution of a typical silicic acid

Horning et al. (4) recommend a load of 5 - 17 mg./g., vwhereas
Vren (5) suggests 50 mg./g.




Table &. BElution of a tvoical gilicic acid coluwm
Weight of purified 1lipid extract = 3.8 g.
Weight of silicic acid (Horning standard) - 260 g.
Column load = 15 mg./g.»
Fraction Eluting “Volume Result of micro
Yo, Solvent nl. TLC examination
1 -5 hexone 1000 hydrocarbons
6, 7 1% chloroform in 300 hydrocarbons
hexane
8, 9 1% chloroform in 300 sterol esters
nexegne
10-15 5% chloroform in 1200 sterol esters
hexane
16, 17 10% chloroform in 400 stercl esters
hexsne
18-22 15% chlorcform in 1000 sterol esters
hexsne
23-25 20% chloroform in 600 sterol esters
hexone (small amount)
26-29 40% chloroform in 800 start of
hexane triglycerides
30-37 60% chloroform in 1600 triglycerides
‘hexane plus sterol
38-29 chloroform 400 sterols
40-43 ethyl acetate 800 sterols

A%]
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Fignre 9. TLC of Silicic Acid Coluirji Eluatea

fn 19 fractions 26-35
std.1 20 r A t stds.

ITATELI =3 ¢t . ## cholesterol stearate
* © tripalmitin

¢ o I 1 1 1 1 * cholesterol

J

sprays- 1$ eerie sulphate in 10$ sulphuric acid

.Figure 10. Flotv diagram of Silicic Acid Chromatography
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column, The qualitative content of each fraction was repidly
determined by ﬁhiﬂ~1ayer chromatography on nmicroscope slides (6).
The early fractions suspected to contain hydrocarbons were
chromatographed in hexene:benzene (97:3 v/v) vhile the later
fractions were examined on micro TIC plates developed in
benzene:ethyl acetate (20:1 v/v). The TIC appearaance of a group
of successive fractions from the above gilicic acid is illustrated
in Figure Q.

(v) Florisil

Florisil (Koch«Light Laboratories Lid. 60/100 nesh) was
used without pre-treatment except in the case-of chromatography
of polar sterols where it was deactivateé by the addition of
water (7% v/w) (1. Colums were prepared in the normal manrer
by slurrying in hexane and a lipid load of epproximately 20 mg./g

of adsorbent was used.

B, Preparation of thin-laver chroﬁatographic platesg

(a) Normel plates

Glass plates (acetone washed) of dimensions 20 cm. x 20 cm.
and 20 cm., x 5 cm. were coated to a thickness of 250 - 300 AL with
MN-Kieselgel G-FR™ using a Shandon spreader. The adsorbent was
applied to the plates as a slurry of 30 g. Kieselgel in 60 nl.

of distilled water. After air-drying for 30 minutes, the plates

x Macherey, Nagel & Co, 516 Duren, Germany, (& purified adsorbent,
more suitable for preparative TLC than Kieselgel G supplied by
Merck).
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. . s - .
were attivated b 100-~-105C for 15 ninutes eund store
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cabinet contoining blue silica z2l as drying agent.
(b) Miero TIC plates

Microscope slides (7.5 = 4 cm.) were coated with
MN-Kiegelgel G-I alsgo using a Shandon spreader., The slidesAwere
moistened ond pressed on to 20 x 20 cm, gless plates held in the
spreader so as to cover the entire surface. They were spread
lengthﬁise to a thiclmess of 250)L and dried in the aimosphere
for 15 nminutes after which they were activaved at 100-105°C for
5 minutes., The pletes thus made were developed in screw-cep
jars with metal foil seals during chromatograﬁhy.
(¢) Silver mitrate impregnated TIC plates

Silver nitrate plates were prepared according to the method
of Claude (8): & g. of silver nitrate (inalar) vas dissolved in
60 ml. of distilled water and made into e slurry with 30 g. of
MN-Kieselpel G-FR, Five 20 cm, x 20 cm. plates of 250-300 A
thickness were prepered using this mixture., After spreading,
the plates were alloved to set in the derk for 30 minutes and
were then activated for 2 hburs at 50°C. They were étored'in
the darkness in a glass cabinet containing a drying agent and
could be stored in this manner for about 3 days without

deterioration,

Plates with a lower percentage of silver nitrate

(epprox. 5%) were found to be extremely useful for the separaticn



of vusaturated hydrocorbons. These vwere prepered using 1.5 g.
rather then 8 g. of silver nitrate and could be stored in the
dark for several weelis without appreciable deterioration.

TLC spray reagent

Unless otherwise stated all thin-layer
chromatograms were visualised by spraying with a 1%
solution of ceric sulphate in 10% sulphuric acid and

heating at 110°¢ for 5=10 minutes,

concentrated gulphuric acid and sodium hydroxide as absorbents.
The residue was then dissolved in 10-10041. of chloroform or
ethyl ccetote in preparation for thin-layer or gas-liguid
chromatogreaphy.

(b) Trimethylsilyl ethers (9, 10)

The stercl (10-100 WL g.) vwas dissolved in pyridine (5u1.)
in a micro test—tube and treated with ZQ}xl. of hexamethyl-
disilazene (HMIS3) and 2/L1. of trimethylchlorosilane (TLCS).

The mixture was stoppered, shaken and set aside for approximately
4 hours at room temperature. The reagents were then either
evaporated in a vacuum desiccator or blown off under a stream of
nitrogen. The residue was then dissolved in 0.5 ml. of chloro-
form and the inorganic suspension removed by filﬁration through

a micro-sinter glass filtration tube. TFor long-term storage the



T, .

trimethylsilyl ethers were either disgsolved in hexene or left in
the resction nixture, Trimethylsilyl ether derivatives of
extracted material were normally sublined (150°, 0.2 mm. Hg)
iumediately after preparation.

(c) Propicnates (8)

The sterol {1-20 mg.) vas treeied with 0.5 ml, of
propionyl chloride in a small test—tube. The reaction mixture
was heated extiremely briefly in a low micro hunsen flame to aid
solution of the sterol, and then allewed to cool for ten minutes;
10 ml. of hexane was thean added end the orgenic phase washed with
10 ml, of distilled water, followed by 10 ml. of 10% sodiunm
bicarbonate solution end finglly by 10 ml. of distilled water.
The presence of any remaining prepionic acid was easily detected
at this stege by its smell end if necessary the solution was
revashed vith bicarbonate and distilled water.

(@) Trimethylsilyl ether of a hindered hydroxyl group

The sterol (IO—IGQ}Lg.) vas dissolved in 10lL1. of
hexemethyldisilazene in a capillary melting point tube sealed at
one end; 20Ltl. of trimethylchlorosilane was added and the
reagents were carefully mixed. The tube was sealed and hesated
in an oven at 150°C for 15 hours. The capillary tube was then
broken inside a test-tube containing 0.5 ml. of chloroform or

ethyl acetate and the solution filtered and concentrated under a

streem of nitrogen as required. PFPyridine was not used as a
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(a) Alkaline hydrolysis

Hethanolic pot&ssium hydroxide was prepared by éissolving
potassium hydroxzide (5.6 g.) in methanol (100 ml, ). Extracts
were hydrolysed by refluxing with a mixture of the glkaline
solution and benzene (1:2 v/v) under an atmosphere of nitrogen
for 2 hours. After completion of the reaction, the solvents
were removed under reduced pressure snd the residﬁe vas dissolved
in weter. The agueous solution was then extracted three times
with ether.
(b) Reductive hydrolysis

The extrect was dissolved'in snnydrous ether and & sumall
quantity of lithium dluminium hydride added and allowed to react
for 5 minutes. The excessg reagent was destroyed by the addition
of ethyl acetate. An egual voluwme of weter was added and the
orgenic layer was removed with a Pasteur pipette after shaking.
The aguecus layer was re-—extracted with an equal volume of ether
end the orgsnic exiracts combined.
(¢) Alkeline tronsesterification (16) Pf193. '

The esters were dissclved in the minimw: volume of
cholroform and an excess of 0.5 N solium methoxide was added.

The mixture vas boiled for 2 minutes on a water bath and then

neutralised with 10% hydrochloric ecid solution. The resulting

alcohols and fatty acid methyl esters were twice extracted with

ether and the extracts combined.
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10. IHydromylation of o double hond din o cholestenc (18)

The cholegtene (10w2§}&g,) wes dizsolved in dry ether
(aried over sodium) (2Q}L1.} and 5 M1, of dry pyridine was added.
The solution was then treated with 101, of a solution of 2 mg,
osmium tetroxide in 1 ml, of dry ether, The mixture was set
agide in e sitoppered test-tube at room teuperature for 3 days.
The solution was then reduced to drynesgs in a stream of nitrogen
and the residue dissolved in 1 ml, of chloroform. The chloroform
solution wes shaken with a 1 ml., agueous solution containing
SOQ}Lg. potassium hydroxide end 5OQ}Lg. mannitol for 2 hours.
The chloroform layer was then removed, washed with 1 ml. of

distilled water and evaporated.

11. Epoxidation of cholesi~5~ene

/
7

The epoxide of choles-5-ene was prepared according to the
method of Ermmons (14) using pertrifluoroacetic acid prepared from
trifluoroacetic anhydride and 80% hydrogen peroxide in

methylene chloride buffered with sodium carbonate.
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b

12, JIsomerisotion of cholepi-B-ene enoxide

N

/

o=

A benzene solution codtaining 100/ g. of 5,60~ epoxy -
5C(~ cholestane wasg treated with d;e drop of boron trifluvoride in
ether as deseribed by Hembest and Wrigley.(i5) end allowed to
react for 2 minutes. Water wes eadded and the ether layer
removed and washed with 10% sodium bicérbonate golution followed
by water. The resulving prodnct5ﬁcholestan-6-one,vas separeted
from other products by preparative- TIC in benzene:ethyl acetate
(20:1-v/v). The TLC, GiC and the GC-LS kehaviour of this

product will be discussed later on pege 150.

13. Concentretion of poler sterols reletive to cholesterol

The total sterol fraction as obtained from the silicic
acid columm was reduced to dryness under a vacuume. The residue
was dissolved in the minimum amount of chloroform and a relatively
large volume of methanol added. The sélution was then concen—
trated in vacuo in a long-neck round bottom flask with a splash-

head. A water bath at 40°C was used to prevent the formation



of ice on the cubside of the flask, Concentration was continued
until a white suspensioczn wags vigible in the flask. The

precipitate was filitered off using e glass filter stick, end the
process ¥was repeated using the wmethenolic wmother-liguor., A
viscous yeilow oily material was cbtained after approximately
six crysﬁallisationsa This o0il ﬁas dissolved in hexane: ether
(3:1 v/v)in preparation for chrom@tography on a colum of

deactivated Florisil which was employed to remove the remainder

of the cholesterol.

14, Gas-ligquid chromatogranhy

Instyumentss Isothermal GIC weas carried out on a Pye
Argon Chrowmatogreph using.a'ISO cm. straight glass column
(internal diameter 8.5-4,0 mm.) end a standard Lovelock argon
ionisation detector with a strontium 90 source. The instrument
had been modified to incorporate a "flash heater'" block in the
injection zone to aid rapid volatilisation of the sample and this
was -maintained at o5° - 35°% abovevthe colunm termperature.
The argon carrier gas vwas normally maintained at an outlet flow
rate of 40 ml./mino by an inlet pressure of 8-12 psi. and the
detector was set at 1500v.

Temperature prograrmed GIC was carried out on a standard
Pye 104 ingtrument employing a 160 cm. coiled glass columm
{internal diemeter 8,5 rm.) and a flawe ionisation detector.

Nitrogen was used as carrier gas and was maintained at a flow
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ing materials were hought ready made and pre-tested

Seience Leboratorieas Inc State Colleg

Serples: Solutions of Imowa concentrabion (nsually 1-5

I

nge./m1.) were prepered,ond where these were extracts particular
attention was poid to drying the seolution. Chloroform was fownd

to he the best golvent for the Pye Argon instrument and ebthyli-
acetote was used for the Pye 104, Sarples of 0.2 ~ 2.0W 1. were

injected into the instrunents using o Hamilton syringe.

15,

en LB model 9000 gas chromatozreph-mass spectrometer (IXB

Produkter A3, Sitockholm). This instrunent is fitted with a
8-zstep jet seporator of the Becker-Iyhage iype. The mass

spectrometer is a single focusing type equipped with a 60° sector,
20 ciz. radius nmegnetic analyser and a sweep generator for the

-

fast scanning of speciva. The cenditions used were as follows:-—



Cerrier goss helium et 25 - 20 ml./min.
Electron energys T0 ev.

Accelerating volteges: 2.5 - 3.0 kv,
Texmerature of ion source: 275C.

o o
Temperature of molecular separator: 275 C,

16, Genereal working procedure for GC - M3,

1) Sarples were prepared for gaé chromatography in the maunner
described above end derivatives were chosen whichk produced the
desired GIC seperations and which gave suitably characteristic
rags spectral Iregnentstions,

2) The GLC behaviour of an aliquot of the semple was established
using a Pye Argon Chrouatograph and the conditions were

3

au

3

licated in the chromatogreph of the LB GC - }MS instrument.,

o]

3) Solutions of suitable concentration were injected into the
instruzent and the approximate chromatographic behaviour of the
sample was registered on the "total ion curreni" record which
also indicated the points at which mass spectral scans were
obtained,

4) Vinere possible several scans vere taken during the emergence

of each chromatogrephic pegalk,in order to assess and to eliminsate

b
the possibility of "biased" spectra which do not represent the
true relative distribution of ion abuncdance characteristic of a

perticuler compound.
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5) A "boaclgro end! soan dn the ebsoace of sarple end wder
identical conditions wves also te%ken in order to correct for
mass speciral peaks due to the chromatographic packing meterial,
6) Specira were "counted" in the normal monner starting at the
low mass numbers with easily recognisable pesks dve to air
background. For masses over 400, coﬁnting vecomes difficuld
oving to an unfavourable signal-to-noise ratio and counting of
the high masses is aided by bleeding in a known "marvker" subsience

during the time that the spectrwn is recorded. The usual marker

"3

is perfluorokercsene (IPTX) which gives a large number of
recognisable peaks. Masgs values are then obtained by inter-

polation from marker pealks.
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IYPROCADEONS OF BIOLOGICAL ORIGTHN

Hydrocarbons are considered by many euthors to be without
biological significance; howvever, there is an increasing amount
of evidence to suggest that this is not so and that they play an‘
irportant role in the plant and‘animal kingdoms as well as in

many marine forms.

. .

Paraffinic hydrocarbong: Faraffinic hydrocarbons have been

found to heve en especially wide distribution in fruit and
‘végetahle waxes (1, 2) end in insect waxes (3-5). In the
animal kingdom, this type of compound has been found in
.butter (6), in wool wax (7) end in the humen skin surface and
blood (8-10). Very little is known sbout the origin or

metabolic function of these compounds.

Isoprenoid hvdrocarbons: Isoprénoid hydrocarbons are present in
. I J

relatively large quentities in a wide variety of plants and trees.
Farnesene for instance, has been identified in hop oil (11) and
limonene in oil of lemon (12) while the hydrocarbon (X- pinene has
Eeen shown to make up 78 per cent of the oil from Jumiperus
phoenicea (13). None of these corpounds has however been shown
to be present in human or animal'tissue.

The C isoprenoid hydrocarbon squalene is probably the

30

most widely studied hydrocarbon in masmmalisn tissue and fluids.
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It is especially interesting Because of the role it plays in
sterol biosyunthegis. It was first isolated froﬁvshark liver
0il in 1618 by Tsujinoto (14). Since then its presence has been
demonstrated in human hair fat (15), in human end rat blood (18)
end in the brain tissue of both hwaans (17) end cattle (18).
Cerotenes are well established components of many members
of the plent Lingdon (19, 20) and have slso been identified in
memmelian tissues (21, 22) as well as in human blood (23).
Pristene (2,6,10,14 - tetramethylpentadecane) eand phytane
(2,6,10,14 - tetramethylhexcdecene) have been identified in a
large veriety of marine $ources (24, 23) as wéll es in many sites

in both man end animals (28).

BEYOROCARBONS OF THE ATHEROMATCUS PLAOUE

Ve have approached the probiem of the compoesition of the
hydrocarbon fraction with & completely ﬁpen mind as no previous
investigation of these compounds had been carried out. It was
known, however, thet silicic acid column chromatography, as well
as separating hydrocerbons from other lipid classes, also gives
some fractionation within this group based on the degree of |
unsaturation existing in the nolecule. It hes been shown (27,28)
using a mixture of reference compounds that the following elution

sequence can be drawn up for hydrocerbons on silicic acid:-

acyclic alkenes; cycloalkanes; straight-chain monoenes; polyenes.
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Blution of placue hydrocarhong

The exiremely delicate seperation mentioned shove for

pure hydrocarbons could not be achieved vhen degling with a
total lipid extract es described earlier onm page 102 . It was
possible, however, to obtoin three major‘hydrocarbon~containing
frections (frections 1, 2 and 8) which were coupletely free from
sterol esters. The colwm wes monitored by TIC on microscope
slideg vhich suggested the existence of two major compounds in
fraction 1 (designated A end B}, one in fraction 2 and one in
fraction 8 (called C end © respectively}. TLC mobilities and
colour reactions ohteined on a full-gize chroﬁatogram
(20 cm. x 20 em.) are recorded iﬁ teble 9 below,
Table 9

TIC of plegue hydrocarkons in hexene : benzene (97:3 v/v).

adsorbent:~ IIN - Kieselgel G - IR.

. - Colour reaction
Fraction Compound F with ceric sulphate
1 A c.82 - Maroon
B 0.75 brown
P2 c 0.47 Brown, becoming
maroon on standing
3 D 0.23 Yellow without
gpraying, brown
after spraying
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and then on the poloy phase JP-1 (Vig,

satisfactory GLC behaviour, however, its TILC and UV characteristics

closely peralleled that of 5 -~ carotene. Yo fur%her charcecter-
isation was carried out.,

By coupavison with available reference hydrocarbons, sand
e light of previous work on human blood (18} and tissues (17)
we suspected that compownd C in fraction 2 rmight be scualene end
further evidence wves collected to support this tentative

T,
0}
i

identification., Tirstly, the extracted compound was shown to

,..4

net (see page 108) a reaction characteristic

form & thiosurea ad a5

of the naturol all-itrong isower of sg

2

uaiene, and of other
isoprenocid hydrocarbons.

Secendly an infre-red spectrum of coempound C was recorded,
using a pooled sample from tywelve sortic extracts, and this wvas
compared with that el a reference sammple of squalene, The
spectra obtained both shoewed a charocteristic carbon-carbon

v b p s 3 4 ”1 N
double bond siretching frequency band at 1665 em ~, end were

-1
same except for two extra peeks at 1745 cm = and

o
[
\"D

ssentially -
770 Qm—l in the exiract vhich have been etitribated to the presonce

were largely removed after

o)

of impuritics, These peak

&

purification of the extracted meoterial through the thiocurea

adduct (sce Tig.18 (a)).
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Figure 12 GIC of Pieque Hydrocarhons

A% QF-1 : 190°

fraction.1

1.25

10.QF-1  190°

k1Y

fraction 2

The figures recorded under the peaks are the retention
times relative to 5CA-cholestane.
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A very similar spectrum wes recorded by Isler et al, (28) for
purified natural squalene.

More definitive proef of the structure of compound C was
obtained by mess spectrometry firstly with en ES—Q instfument using
-a-pooled serple end later with the LEB 9000 gas chrometograph-
‘mags spectrometer using the extracts from a‘single aorta. A line
diagram of the mass spectrum of the extract obt&ineé on the 1:5-9

instrumwent is shown in Fig. 14,

Figure 14

Mass spectrum of eortic squalene (13-9 instrument)

XIO : : —
P-(a+28) P-(A+B) P-A P
e 137 205 ‘ ' - 341 md
e Db T T
.” LlwtﬂLzm dh sz (I T N t i ’
es ' ‘ ' 4
‘authentic squalene ] ] . .
' p X10 — —~
19 ‘
- 34

137
205 73 . 367 410

LLLM,'[u»'J“LH.HHH - . - 4

This rass spectrum was showm to be identical to thet of esuthentic

squalene and shows cheracteristic fragmentation into 05 iso-

prenoid moieties, This is seen in an initial loss of 69 mass
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unitg from the wolecular ion for a terminel isoprene wnit and
then by successive losses of 68 mass units for other 05 non-
terminal fragnents. The other ions due to this mode of
fraguentetion cen be seen ot w/e 273, 205, 137 and 69 (base peak).
On the basis of the ahove evidence compoﬁnd C ig identified

as all-trans squalene,

A,

GC-13 exeuwination of hvdrocarbon fraction 1

The advent of gos chromatogrephy-mass spectrometry in a

combined instrument made the identification of the components of

(o]

fraction 1 possible on the extracts from one aorta. Such an
identification would not have been §ossible in the early stages
of this work, where this instrument ves not available.
The‘large "solventl peak" given by this fraction (see
Figs. 11 and 12 on pages 125,126) was thought to be due to the
presénce of unresolved saturated hydrocarbons and was removed by
preparative thin-lajyer chromatogr;phy on layers of silica gel
impregnated with 5% of silver nitrate, using hexane : benzene
(97:3 v/v) es developing solvent. The saturated hydrocarbons
thus obtained were examined by ges-—liquid chromatograp?y using
temperature prbgrcﬁming to compensate for the relatively large
renge of molecular weights. A typical chromatogram obtained
is shown in Fig. 15. The existence of two homologous series

. . . - —e 1T
vas indicated. The major of these was composed of = alkkanes
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Figure 15

3 PLAQUE HYDROCAREONS
“Ia SE'30
80225  6/min,

solvent “blank”

between C

and C31’ with no particular bias for odd or even

20

numbers of carbon atoms. The second gseries, present in much
smaller quantities, gave smell pesks intermediate betveen
successive members of the larger series and are thought to be
branched—-chain hydrocarbons. All of these essignments have been
made on tﬁe bagis of GIC rétention data. A GC-2S study has not
been carried out because of the complexity of‘the fraction and
because mass séectra of hydrocarbons of this type are not very
informative., Attempts are being made to simplify this fraction
by résolving it into straight-chain end branched-chain hydfocarhons

using molecular sieves (29, 80} and urea inclusion ccmplexes (381).
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Fisuvre 16 Totel ion ecurrent chromatosrem of fraction 1.

A
3

1% SE-30
210

0 8  Bmn 26 32 . 40

substences suggested that the former might be a cholestene.

A reference sample of cholest-5-ene was found to have similer
retention data to the isolated hydrocarbon and its mass spectrum
(shovn in Fig. 17) is elmost identical to that of the extracted
hydrocarbon A, Similarly compound B, molecular weight 368,

gave o mass spectral fragmentation pettern which bears a striking
reserblance to that of cholesta-3,5-diene as can be seen in

Fig., 18. The nature of some of the most abundant ions in the

spectra of compounds A end B are discussed on page 278,




Figore 17
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havs spectra (LIB 9000 GC-2S instrument) of

(&) compound A (scan 2)
(b) compound A (scan 8)
(c chiolegt ~ 5 — ene




Fipure 18
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HMass spectra (IXB 9000) of
(a) compound B (scan 4)
(b) cholesta - 3, 5 — diene
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Fiffliro 19. TiL of extracheel hydrocarbons

extracts

reference cmpds.

cholestene

cholestadiene

I squalene

A-carotene

solvent system:- hexane : benzene (97:3 v/v)

adsorbent:- M - ICieselgel G- HR. =m
spray:- 1% eerie sulphate in 10" sulphuric acid
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by TLC and

retention data recorded for A, B and C were found to be identical

to those recorded for cholest-B-ene, cholesta~3,5-diene and

équalcne respectively, Fig. 19 shovs a COH@arison of ihe TLC

behaviour of the exlracted oozmoﬁnds with the authentic hydro-
|

carbons mentioned above and strenpbhens the tentotive identi~

fications of A and 8.

Choracterisation of +the double bond in the exiracted cholestene.

After the use of mass spectrometyry had established that
~compownd A was & cholestene, four approsches were adopted to
locate the positicn of the double bond in the molecule and these
‘were as follows:-—

1. Thin-layer chromatography on silica gel impregnated with
silver nitrate;

2. gas-ligquid chromatography on several different phases both
selective and non-selectivej .

3. nmass spectrometiry, using a series of autheﬁﬁic cholestenes

for com

i
&

arison, ard
A, specific reactions of the double bond to produce oxygenated
compounds which give more characteristic mass spectral

fragmentation.



Method Is- Thin-layer chromatography.

TIC on silica gel using hexane : benzene (97s3 v/v)
as solvent system -was largely unsuccessful in separating a
mixture of reference cholestenes and consequently was of little
use in locating the double bond in the extracted cholestene.
However, good separations have been demonstrated for sterols
differing only in double bond position,using layers cf silica
gel impregnated with silver nitrate (32, 03). A hydrocarbon
extract was compared with a series of known cholestenes, on TIC

plates which had been impregnated with 5/i of silver nitrate,

using hexane : benzene (97s3 v/v) as solvent system. A typical

result obtained is shown below'in Fig* 20.
Figure 20. TLC OF CHOLFSTSHSS.

adsorbents- MN - Kieselgel GER/5/0 AgNOo

solvents- hexane s benzene (97i3 v/v)
reference cmpds.
A '2 3 4 5 809 3,5 ext.

alkanes

cholestene

cholestadiene

sprayl- 1$ eerie sulphate in 10§ sulphuric acid

137
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From this chromatogroam we cen see that the reference hydrocerboans
fall into three mobility groups and their RF values are recorded
in Table 10. The wobility differences obtained for these
compoundé would eppear to be explained by proposing that the ioans
in the adsorbent would complex to the greatest extent with the
least sterically hindered double bonds making these compounds the
least mobile.  However, on the other hand, consideration of the
electron density about the double bonds would suggest that
cholest~8(¢)-ene should be the most polar which is the reverse of
what was found experimentally. The validity of these theoretical

considerations remains to be determined.

Table 10. TLC OF CHOLUSTENZS

(MN - Kieselgel G - ER/5/ AgiO, - hexane:benzene 97:3 v/v)

COXPOUND . Ry
cholegt~2-ene 0.41 }
cholegt—8-ene 0.42
cholest—4-cne 0.57 }
cholest-5-ene. 0.59
cholest~8(9)-ene 0.82

cholesta~3,5~diene 0.33
BEXTRACT

cholestene A ’ 0.57

cholestadiene B 0.33

alkanes ' 0.85




The cholestecac in the ewmirasted noierisl (sce Fig. 20, extrene

]
[

right-hand lone) iz clear
-2-cne end =3—cne but is 10% differentiaied from the A

and 45 isomers.,

Method 2:~ Gas-liquid chromatogrephy.

Since no geparations could be demoastrated beiween the
five aveilable reference cholestenss on the non-selective phase
SE - 30, several selective phases namely OF - 1, 0V - 17 and
0V - 22 were tested, These also feiled in most instances to
produce separations useful in characterisation as cen be seen

from the retention datas presented in Table 11,

Teble 11, GIL OF CIOLEZTIIES
OF -~ 1 oV - 17 oV - 22
A 1 kS I B I k3
2 2950 1.02 2916 1.03 2600 1.02
3 2030 1.05 | 2920 1.07 | 2605 1.05
4 2925 0.94 2910 1.62 2500 1.02
LB 2930  0.93 | 2935 1,12 | 2510 1.06 |t
8(9) 2035 1.00 2930 1.10 2615 1.07

I = retention index
tp = yetention time relative to H5CA-cholestane
[

GLC conditions:— 1% OF - 1 (5 £t.) at 180% *

1% oV - 17 (4 ft.) at 200°C

1% OV - 22 (5 £t.) at 105°%C %

X .
Pye 104 instrument
T he date recorded for the exbtracted cholestene were -identical 1o
noge

th of guthentiz cholest~b~ene.
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Method 8:= lIlass specironetry.

Examination of the ness specira of the available pure
reference cholestenes (Fig. 21) shows that they can all be
adequately differentinted. Cholest — 2 ~ ene, because of its
ability to undergo a retre - Diels Alder fragmentation process

yields a major ion at m/e 316 due to the eliminetion of

’\4\

butadiene (54 mu.) as shown below:—~

This ion was completely absent from the‘spectra of all other
cholestenes examined, including that of the extract. The
isolated cholestene (Fig. 17), cholest — 5 ~ ene and

cholest - 2 — ene all possess abundant ions at m/e 275 and

m/e 301 which are not present in any of the other.spectra
studied., Since we have already eliminated cholest - 2 - ene
from congideration, cholest — § — ene is left. as a possible
identity. The mass spectrum of this compound is indeed closely
gimilor to that of the gortic cholestene as cen be seen in

Fig, 17. A certain smount of caﬁtion must however be exercised
in this assignizent since the superimposition of the fragmentation

of two or more cholestenes as a conseguence of unresolved




Figure 21. Mass spectra of authentic cholestenes
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tIC peaks could build up o corposite spectyun nob wnlike that

of cne of the pure clolestvonen. It is alse idnporivent to conzider
that one of the unavailable igomers mizht give o moss gpectrum

which cennot be distinguished from that of cholest -~ B - ene.

Method 4:—~ Specific reactions of the double boad,.

- Two reacttions were attemptled and these are ocutlined below:—

Lol > cZoH

_COH

4,.(a) Hydrozyletion:~ Crude aortic cholestene wes treated with
osmium tetroxide end the resulting esier hydrolysed to form a
cholestene diol in the memner described on page 110 .

Trimethylsilyl ethers were prepered from the resulting diol end
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‘e . o \ . . o,
purification was effected hy sublimotion (140°Cs 0.1 mm).
The GIC behaviour of this fraction and that of the T.Si ether

of 56{~ cholegtane ~ 5, 60~ diol nro@uce& from authentic
cholest — & — ene by the some reaction sequence is showa in
T'ig. 22.

Unfortunately, the product obtained from the extract was
insufficiently pure for direct GC-S examinaption. However, gas
chromatogranhy gave additional evidence for the 1&ent1f10ut10n
of the extracted material es cholest - 5 ~ ene since the
retention times of the prlnc 2l peeks of the products from
extract and authentic were identicel, The isolated cholestene
was purified by preparative TIC on silica gel impregnated with
gilver nitrate with the eim of obt siniﬁg & fraction which would
be suitable for GC-15 after treatment with osmium tetroxide,
Fig. 23 shows the result of g GIC exemination of a puritied
cholestene containing fraction and Fig. 24 that of the resulting
diol (es T'Si ether). It was found that the GIC behaviour of
the major peealr of this sample could not be distinguished from
that of the TiSi ether of 504~ cholestane ~ 5, 6~ diol,

A geries of cholestane diol TiSi ethers was examinéd by
GIL in order 1o establish that the possible diols produced by
the ‘action of osmium tetroxide on a group of cholesténes (2 - ene;

3 - ene; 4 — ene; 5 — enej; 6 — ene; 7 — ene and 8(S) - ene) could

all be distinguished by GIC mobiiity,'although little or no
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b

7 1%SE-30
225"

cholest!

ane

GIC of

(a) the TSi ethers of the mixture produced by the action of
- osmium tetroxide of a crude extract containing cholestene and
(b} the 1TiSi ether of 50{- cholestane - 5, 8A- diol.

" Retention times relative to cholestane are given under the peeais.

12
/

286 255

>




Figure 23

1% QF -1 190

choles*cene

cholestadiene

P | )

.

‘The GIC behaviour of en extract conbaining cholestene after
purification by TLC on layers impregnated with silver nitrate.
Figure 24

- 1or :
1 lo SE -30
225

o

GIC of TiSi ethers of purified cholestene extract after
treatment with osmium tetroxide. The retention times under
the peaks are relative to cholestane. '
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L

GIC of TXi evhers of cholestene diols

Toble 12.

(1% s2 - 30 5 225%)

COLEOUND b I
5Ci~ cholestane - 2¢i, 30{~ diol TUSi 3.40 3220
504~ cholestene - 23, 8- diol TSi 4,41 8310
50{- cholestane ~ 3¢{, 40\~ diol T5i 3.85 3250
50~ cholestane - 33, 43~ aiol W31 5.11 3350
50~ cholestane — 40k, 5 - diol TSi 2,47 3120
5B~ cholestane ~ 4B, 5 - diol T4 3,42 3220
50~ cholestane = 5, 60X~ diol TBi 2,86 3160
50(- cholestene — 604, T\~ diol TS 2,23 3080
5CX- cholestane — 73, 8@~ diol TSi 1.73 2950
50~ cholestane - 8§, 96~ diol TNi 1,95 3025

tR =

retention time relative to cholestane

1 = retenticn index
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seporation exists between the parent hydrocarbons. Table 12
shows that congiderable seperations do exist between ihe majority
of the derivetives and that 5ot— cholestens - 5, 6cl— diol TiSi
corregponds in retention time to that formed from the extracted
cholestene end is markedly different from most other isomers.
Hovever, since only & very limited number of the possible cis-
glycols was aveilable we cannot say with certainty ﬁhat gome
other diol would not give the same retention time under these
conditions. Nevertheless the evidence to date suggests that.
the diol produced from the extracted cholestene on treatment
fﬁith osminm tetroxide is S5cl~ cholestane - 5, 6C - diol which is
known to be formed from cholest - 5 - ene. |
The reference sample of 5, 6 (A~ diol and the diol

produced from the aortic cholestene were then both exemined by
_GC-1® as their TMSi ethers end this quickly established that
both compounds had formed mono- rather than bis-derivatives.
This result was not completel: unexpected since previous work

on 5X~ cholestene - 23, 5, 63~ triol had shown that

50~ hydroxyl groups do not etherify under normal conditions.
Line diagrams of the mass spectra obtained are shown in Fig. 25.
The spectra are almost identical and are coxpatible with the
fragmentation of 60k —trimethylsilyloxy-5ck—cholestan—5-o0l.

The presence of a free hydroxyl and a trimethylsilyl efher group

in both compounds is indicated by the elimination of water (P"18)
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end trimethylsilenol (P-90) respectively froz;ﬁ the molecular ion,
the latter elimination being atiested by the presence of a strong
metastable ion at m/e 295,65 corresponding to the transition
m/e 458 to m/e 338.

The big-TiSi ether of 50(—chc].estane~5,60(-diol can be
formed under stronger etherification counditions (see pdge 107)
end this compound, in agreement with the results for
50{-cholestane-3(3, 5, 6(3 —triol, was found to have a shorter

GIL retention time than the mono-’ﬁaiSi ether,

Ficure 25. Mass spectra of 5 —cholestane-5,6CA—diol 6-11Si ether

(a) Extract

73

1
Y

x> 369

A . B B a%

) . . 458
-ﬁ.milgg;, HA,,’M:J,_.,J.L.'kL..'J& o b lf Lk .Lig,
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A sm2ll quoniity of ths 72 iz formed under normal

etherification co: 5 and peck 2 in the
> 4 . / )
chromatogros showa in Fig. 22(h). The correaponding, but

proportionally lerger perlk in the chromatogren derived from

the extracted material eppearsto represent a nixture of compounds

suggested to he the big-T84i elher of 5¢(~ cholestene - 5, 6CL~

h Y, 2

diol plus that of enother wnidentilied cholestene dioni. This
suggeste that the extracied cholestene was nol entirely
homogeneous.

Thisg ig consgidered to be feairly conclusive evidence of

1

' the presence of cholegt - 5 - ene in the exiract since a
combination of gag chromategraphic end mass spectrometric
information has slloved pogitive identification of any of the
‘sterols so faxr exemined in our work. A second double bhond
reaction wes abterpied to establish this ideantification beyond
doubt., |
4.(b) Isomerisation of cholesisne epoxidet—

Pertrifluoroacetic acid wes use& to form epoxides from the
extracted cholestene and a reference sazple of cholest -~ 5 — ene.
These compounds were treated with poron trifluoride in ether in
the menner described on poge 110, Using this reaction Henbkest
end Vrigley (84) were eble to form coprostan — G — ome
(5&5— choleston — 6 — one) from cholest — 5 - ene. The produchs

obtained in the present vwork were exemined by GLC and the

]




Figure 25, GIC of Conrosten — 6 — ome

Upper chromatogram derived fr

om the préducts of the
extracted cholestene. '

Lower chromatogram derived from the products of authentic
cholest —~ 5 - ene.

Figure 27. Yass spectrum of Coprostan —~ 6 — one

| 5B-CHOLESTAN-6-ONE
A |

: ".331

n

386

150
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chrematograms obtained are shown in FPig, 26. Peak B in the

GLC trace of the authenticated material has been showntby GO

to be coprostan -~ 6 -~ one and peak C to be cholestan - 6 — one.

A line diagrem of the mass spectrum of peak B is illustrated in
Fig. 27 and this has been shown to be identical to a literature
ﬁass spectrun of coprosten - 6 — one (35). The fraction produced
from the extracted cholestene is as yet insufficiently pure for

GC-}S examination, however, the retention times of the major peaks

correspond to those produced from choleat ~ 5 - ene, It is hoped
that purification by preparative TIC might cnsble a GC-3S study.
- This additional evidence again suggests that the bulk of

the extracted cholestene is almost certainly cholest ~ 5 - ene.

Assignment ¢of the position of the double bonds in the

extracted cholestodiene.

The extracted cholestodiene has been shown to be conjugated
since it possesses a strong ultra-violet absorption. Early
deterninations were hampered by an inability to remove other

hydrocerbons from the fraction being examined. Development of

purification methods involving the use of silver nitrate TLC has

recently enabled more satisfactory measurements to be made.
The results obtained are shown below:~

)\ma}: (epprox.) | € (epprox.)

227 — 230 | 17 - 20 x 10°
3

234 - 239 18 - 20 x 10
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Although only epproximate, these velues are fairly close to the
literature values for cholesia - 3,5-dieme (88). However,
because of the ranges of wavelength and intensity recorded
cholesta — 4,6-diene cannct be excluded from consideration.

It is hoped that this problem will be .solved hy the use of
molecular rotation since it is known that the isomers mentioned
above have widely different optical rotations (39). This
teclnique however, requires s fairly large pure sample and so

work is in progress to collect such a sample.

Quantities of hydrocarbons

" Squalene wos the major hydrocarbom in éll pleque tigsue
examined., The guantities of this compound obtained wvaried quite
markedly from sample to sample, but appeared to be greatest in
the severest cases of the disease. However, thig increased
emount might heve resulted from the inclusion of perts of medial
a8 wéll as intimal tissue, since in these cases plagques frequently
eitended through the media. In these exarples the media could
not be separated from the intima.  An average value vas of the
orde} of 50 - IOQ;Lg. of squalene per g. of lipid.

Cholest ~ 5 — ene was present at concentrations of about
20 - 39*Lé./g. of lipid and cholestadiene at about lgLLg./go
During the course of our work two publications (36, 37)

have emerged relating to the hydrocarbons of the humen artery




wall, The first of these exticles has confirmed the presence

of squalene in the aorta using thin-loyer chromatogrephy while

the other describes en investigation of the hydrocarbons of
human femoral arterigl pleques, Using TIC the -authors have
tentatively identified n - octadecene and n - octadecene,
However, since only one method of characterisation was used
it is possible the compounds actuslly present vwere a series

of alkenes and a cholecstene,

A summary of the compounds identified in this section

is given in Key 1 on page 120,
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YPOLAR PSTERSY

In column chromatogrephy of lipids,vthere is a gréve dangor
that minor lipid groups may remain unresolved, unless the various
fractions obtained are subjected to further chreﬁatography.

The necessity for cross—checking is illustrated bj_the detecﬁion,
in extracts of the atheromatous plaque, of glyceryl éther

diesters (1) in the se;called "trigiyceride" fraction as isolated
by colummn chromatography.  Minor lipid classes, possibly of great
metabolic significence, can frequently be denonstrated by thin-
layer chromatogrephy although not epparent in column elution
histograms, The comuon practice of exemining total lipid
extracts.by TIC alone plso frequently leads to certain groups

of corpounds eséaping,detection elthough they are present in
appreciable quantities. |

At the start of our search for minor lipids in the
atheromatous plague we were greatly encouraged by a recent
identification of a new iype of sterol ester in blood by Crastes
de Paulet ond Crestes de Paulet (2).  This new type of lipid was
detected in the blood of patients suffering from hyper-
cholesterolemia,x but could not be demonstrated in normal blood.

Having regard to the "infiltration'theory" of plaque formation,

-

X4 disease involving en exceptionally high concentration of
cholesterol in the blood and clogely related to atherosclerosis.
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it seemed possibls thot this type of ester might be of importance
in the atheromatons plaguz.

On examination of colwm eluates of hypercholegterolenic
blood lipid by peper chrometography Crastes de Paulet (2)
demonstrated the presence of several previously waidentified
componnds of polarity 1nberrﬂdiaﬁe between cholesterpl ester
‘and cholesterocl, One Qf these coﬁpoumds gove the characteristic
bright blue colouration of o 7-hydvoxycholesterol when sprayed
with a chloroforin golution of antimony %richlbride. This

compound was isolated end its iafrered spectrum examined, This
spectrun was very similer to that of o cholesterol ester, except
that it indicated the presgence of a free hydroxyl group.
Hydrolysis of the exlracted ester yielded a compound which was

chrometographically identical with a sample of authentic

TC{~hydroxycholestercl., Undepressed nix ed nelting points were

carried out both as the free sterol and as the dibenzoate.
The suthora were eware of the possibility that such a compound -
might be formed by sutoxidation of a cholesterol estef,bnt ruled
this out,since if the ester isolated was en artefact its formation
.might be ex@ected during extrection and chrongtography of normal
blood exiracts, however, the compound was found only in cases of
hyperlipemia.

Boyd (3),using lipid extracts'of human and rat blood made

under strictly anaerobic‘cbnditionsiwas able to identify the
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seme compovad. le e&lgso prepered a series of 8£Bacyl esvers

of T0{~-hydroxzycholesisrol ond 2gse conpounds
were chrompitogrephically identical to the exiracted materisl.

Using infrared spectroscopy he wes able to establish that it was
the 3- rather then the T-hydroxyl group that wés esterified.

incouraging results on polar esters of this type obtained

in our owm laboratory (4) using hypercholesterclemic blood also

edded impetus to our plegue study.

The pregent work

On the basig of the findings described ebove, we set out
to look for esters of this type in extracts of the atheromatous
plague, It had been showm by previoua workers (2) that the
"polar" estors vere eluted from & silicic acid columm after the
normal cholegtercl esters but before cholesterol. Ve therefore
carefully wonitored silicic acid columm eluates in this
chromatogrephic region by TIC,end I'ig. éa illustrates o typical
chromatogrem obtained. I{ shows tracesg of unicentified
compounds in the Ry renge 0.3 to 0.7 in frections 16 to 20.

The extreme right and left-hand lenes of the chromatogrem show
8 reference mixture of cholesterol stear&te»(BF = 0,85) and
cholesterol (Bp = 0.18). In addition to "polar" esters,

fractions 16 and 17 contain su appreciable quantity of
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Figure 28 TLC of silicic acid column clugtea.

fractions 16-20
stds. A stds.

cholesterol stearate

cholesterol

spray*- 1§ eerie sulphate in 10$ sulphuric acid

Solvent:- benzene s ethyl acetate (20 s 1 v/v)

adsovbenis- MN-Kieoelgel G-HRe
triglyceride, i/hereas fractions IS to 20 contain cholesterol
with little or no triglyceride.

At this point we had two alternative methods of

concentrating these minor compounds,
(1) by preparative thin-layer chromatography, or
(2) by column chromatography.
In most instances column chromatography was the method chosen
since the quantity of material involved (as high as 1 g. in
some instances) was usually rather large for TLC. Fraction IS

in the esample shown in Fig. 28 was however considered to be an



exceptionol cose ond woa gepavebtely purified by preparative
TIC using benzene 8 ethyl acebote (20 5 1 v/v) o5 sBolvent
sygtein,

Filorisil wes chosen for the column chromatography
(see page 104) and the solvents used to elute the various

components are shown in the flow diagrem below (Fig. 29).

Fipure 29 ¥Florisil coluwum chromatography.

| fractions 16 2 |

FLORISIL. | COLtPMAN
CHREOMATOG, .

_ 257, |Ete -
° , hd Eto .
o7, B4,0 ) in | Hexone “
ih |‘Hexane ' -
: triglyceride
cholesterol
ester

sterol

U

triglyceride

[polar sterolesters] =




TABLE 13,

. LI
50 o Ylorigi

Floyigil colvra chronotosranhy
frapay

ond 1,04 = 1inid

P2

Fraction Lluting Volune Regult of
No. solvent nl. micro TIC
: exomingtion
1-6 107 Bt,0: 300 cholesterol
Hexene (6 x 59) egters
. 25% Bt 0: 50 two spots in
Hexone cholesterol ester
region and & little
triglyceride
8 255 Et,0: 50 triglycerides end
: Hemzone : start oftpolax
esters!
9 25% Et20: 50 triglycerides and
Hexane "polar esterg"
10 o8% Etg(): 50 "polar esters'and
Hexene free sterols
11 o5% Bt 0 50 sterols
Hexzsne
12 25% Bt,04 50 sterols
Hexane )
13 Et 0 100 sterols

(W)

BaS
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Table 13 illusurates typicel solvent volumes used in the
elution of a'Florisil columm and aloo the resulis of a micro
TIC examination of each fraction. Elution of sterols was
- quickly completed with ethyl ecetate when TLC showed that ell

of the "polar ester" materinl had been removed from the columm,

Further purificaticn of "polar estevrs"

Fractions 9 and 10 from the Florisil column cited sbove
contained the.bulk of the "polar egter" material and their TIC
behaviour is shovm in Fige. 30. Trom this chromatogram it can
be seen that fraction 9 conteained a coasiderable eamount of
cholesterel and triglycerides in addition to polar esters,
whereas fraction 10 showed oniy cholesterol as impurity and
contained a smaller quantity of "polar esters". Both samples

were further purified by preparative TIC in benzene:ethyl

acetate (20:1 v/v).




Figure SO TLC of Ipolar eateyMractions 9 end 10

(after .Florisil column chromatography)

fractions

stds.10 9 9

I
cholesterol palmitate
triglycerides
"polar esters"
cholesterol

LL

spray*- Vf) eerie sulphate in 10" sulphuric acid

solvent:- benzene : ethyl acetate(20:1 v/v)
adsorbent:— IdN-Kieselgel G-IIR

The extreme right-hand lane shews fraction S after
removal of cholesterol by preparative TLC,



Free nydroxyl groups in ths,polar c3ters"

The presence of unesterified hydroxyl groups in the bulk
of the material in purified fractions 9 and 10 was demonstrated
by comparison of the TLC mobilities of these extracts before and
axter acefcylation. The marked reduction in polarity of fraction
9 following esterification is shorn in Fig. 31 below. In this
chromatogram the left-hand lane shows a reference mixture of
cholesterol and cholesterol stearate, the centre, fraction 9 and
the right-hand lane the same polar ester sample after acetylation,

FIGURE 31 TLC of"Polar ester" fraction G

stds. fr.9 fr.9 acet,

cholesterol
stearate

cholesterol

solvents- benzene: ethyl acetate (20:1 v/v)
spray j- 1$ cerio sulphate in 10$ sulphuric acid
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Vhea run on TIC and gprayed with en ecidiec solution of
ceric sulphate, fraction 9 showed a series of predominently
red-browa spois brolen by two spots with ean intense blue
~colouration (BF values of 0,50 end 0.38 in benzeneiethyl acetate
20:1 v/v). The more mohile of these two blue coloured components
was present in a cénsiderably larger cquantity. In contrast,
frection 10 appeared to contein only the esters which gave the
red-brovn colouration.

In en ettenpt to simplify matters sn aliquot of fraction 9
was divided into two pertions, designated ON (less polar) and
SQP'(more polar) by preparative TIC using the conditions described
above., Use of this preparative séparation confined the larger
blue spot, thought to be due té the estefs of TA~hydroxy-

cholesterol, to aliquot 9N,

Reductive hydrolysis

Polar ester eliquots OP and 9N were reductively hydrolysed
using the method described on pége 108, Vhen such g procedure is
eéployed there are tw§ probleus which arise. TFirstly, any keto
group present will be converted into a hydroxyl group during the
reaction. Secondly, after reductive hydrolysis, the fatty acid
portions of the ester molecules will exist in the form of the
corresponding fatty alcohols. Apart from these disadvantages the
method is extremely ettractive because of its rapidity and yhe ease
of work-up, end because of its ability to prevent the eliminéfion
of labilé hydroxyl groups (eeg. the Tol-hydroxyl group of 7drhydroxy—

cholesterol) which might ensue from the use of strong alkali.




Thin-layer chromatograms obtained from the products of
the treatment of 9N and 9P mvrith lithium alnoinium hydride are

shown in Fig, 32,

FIGURE 32

N P S

A v
250&3 - *wn(r*tyl'
o A

cholesterol

2/kO0"-OH

Solvent system:- chloroform:ethyl acetate (3:1 v/v)
N « fraction 9J after treatment with Li Al H

P “ fraction 9P after treatment with Li A1 Hs
S % reference sterols
spray:- [* oerio sulphate in 10$ aulphurio aoid |
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Freaetion SMN:-~ Tractioa € yielded compounds which corresponded
to cholesterol (RF = 0,85, narpon); 23-hydroxycholesterol
(RF = 0,28, maroon) ond 7f3whydyozych01esterol (RF = 0,18, blue)
in both mobility snd colour reaction, when the chromatogranms were
developed in chlovoformtethyl acctate (3:1 v/v) and sprayed with
en acidic solution of ceric sulphete. These tentative
identifications were corrokorated hy examination of this fraction
by TiC after conversion to the trimethylsilyl ether derivatives.
(Fig. 88). The solvent systemas used in thin-layer chromatography
were os follows:
sterols ~ chloroformiethyl acetate (3:1 v/v)

TiSi ethers - hexonesbenmene (2:1 v/v).

.

Fraction 9P:~ Trestment with lithium eluminiuz hydride in this

,::‘
fo2e

case yielded two stevols (Fig. 852} which on the basis of TIC
evidence both in the free form and os the TMSi ethers eppeared

to be cholesterol and 26 - hydroxychoiesﬁerol.x

GIC Examinetion

The reduction products of 9 and 9P were studied by
gas~liquid chromatogrephy (1% s5E-803 22500) as TMSi ethers and

the chroematograms obtained are illustreted in Fig., 34, where

* o5 - Hydroxychkolesterel was being concurrently studied in
reletion to the unesterified sterols present in the
atheromatous plague.



reference cmpds.

cholesterol TMS

26-OH cholesterol TMSi

I 7/3-OH cholesterol TMSi

1 .

Solvents- hexane : benzene (2sl v/v)
adsorbents- MN-Kieselgel G-HE.

sprays- 1% oeric sulphate in 10" sulphuric aoid



. (a) and (b) vecord ith

e bzhnviour of SN at two different

concentrations wader the seiue conditions, The peaks in

this fraction have been labelled N.,1 to MN.Dd and those in

9P (Fig. 84 (c)), P.1 to P,8, Retenbtion times relative to

cholestane are given under the major peaks and in Table 14.

Table 14.

TENTATIVE IDENTITY ON THE

COMEOUID ty BASIS OF TIC AND GLC EVILEKCE

N,.¢g 2,50 Cholesterol TiSi

N.3 3.66 73~ 01 Cholesterol TiSi
N.4 5.35 240 - OH Cholesterol THSi
N.5 6,65 26 -~ OH Cholesterol TiSi
P.3 2.50 Cholesterol TSi

P.7 5.67 25 -~ OH Cholesterol TiSi
P.8 6.70 96 — OH Cholesterol TMSi

where {'.R = retention time relative to So(-cholesta.ne.

17z




FIGUNE 84  GLC CF SF AN2 9v avyvn

TS Y T PRTED IV RN d
SLUCTIVE HYeRo1ys 15

I

Cfmm— o, ) @‘o
50 205

a.

N TMSi ethers
(after LAH) 3

(RSP St Sun

c. I4,52-20 225° N i

P T™MS| ethers
(after LAH.)

retention times relative to cholestane are given
under the major peesks.,
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GC-218 Branminatien

kags spectra were recorded for the major peeks in the

chromatograns shown in Fig. 34 using an 1¥B 5000 instrument.

Peak No2:-- A line diagram of the moass spectrum of peak N.2

is shown in Fig, 385.

EIGURE 8B. MASS SFECTRUM CT COLPOUND N,2

129 '
GHs :
73 CH-5I-G”7 - , .
7e Hy (P-129) “
B $e
. . (P-90)
. 369/// (P-s5)
‘ @) 4 “@”5’ . F
i 53 . 4
] 2 )
il lrm,

o 213 l 443 l
:l'!sl' )"."}I 1"{‘11 e Llh P J. IJL 1 ; J‘: M !. {4,

WL
| “s‘J‘ L ,!d L

In agreement with chromatographic evidence this mass spectrum

was found to be identical to that of cholestercl (cholest-

.5 - en - Sﬁr 01l) TiSi ether as recorded by ourselves and other

workers (6, 7). The identification of cholesterol in this
fraction ?oses o new problem. It finelly dispels any idea
that the major sterol in this fraction could be T-dehydro-
cholesterol resulting from dehydration of an eéter of

70 ~hydroxycholesterol during hydrolysis. No detectable
quantity of 7 - dehydfbcholesterol trimethylsilyl ether could be

demonstrated in this fraction. On the other hand, all-




tod
-l
R

-

unesterified cholest

[si)

20l had been rewoved from the original polar

ester frection before treat

nt with lithiwa aluminiuvm hydride.

Ve therefore heve to postulate the presence in the extract of a

o

"polar ester" which will yield cholesterol on hydrolysis. Tvro

types of compound which could posgsibly yield cholesterol on
reductive hydrolysis and hove the correct TIC mobility aves-—
(a) o hydroxy fatuvy acid ester of cholesterol, or
(b) & normal faotty acid ester of a compound such as
cholesfanemBﬁZ,é(or 6) = diol, ﬁhiph night eliminate water to
form a double bond in the 5-8 position of the steroid nucleus.
Hypothesis (b) seens unlikely since 5cA—cholestane~3{3,
5-diol, 5Ci-cholestene~3[3,6[3 ~diol and 5ck~cholestane-3( ,6ck~
diol all fapil to cdehydrate 1o cholesterol on treatment with
lithium eluminium hydride, It was thus important to exzamine
the fatly ecids produced by aliicline hydrolysis or the fatty
alcohols formed by reductive hydrolysis of & polar ester frection,
“Vork of‘this kind is described later on page 186,
Peak N.8:—- The mags spectrum obtained for pealk N.3 is showm
bélow in Fig. 36. Since the fragmsents at n/e 456 end 73 dwarf
all other iong, the line diagram has been drawn with these peeks
gt one tenth of their true intensity to bring out the details of
the freagmentation. The spectrum represents e dihydroxy
cholestene bis-Ti'Si ether (molecular weight 548). On the basis

of its TiC beheviour end intense blue colour reaction with cerie
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sulphate this compovnd wos thoughv to represent & trimethylsilyl
ether of a T-hydroxycholesterol, Corparison of the spectrum of
compound No8 with those of T\~ and ?{Bwhyﬂroxycholesterol
trimethylsilyl ethers tends to further the view expressed ahove
since all three spectre ere very similar.  The msst striking
feature is ithe preponderance of the m/e 455 fragment, and also
the relatively small intensity of the m/e 129 fragment in

5 |
contrast to most other [5~3€3«01 trimethyleilyl ethers.
Unfortunately, mass spectromatry is unable to differentiate
between the epimeric TCA~ and 7c3~hydroxycholesterols: however,
they can be distirguished by TIC and GIC in the form of their

0

TH81i ethers as ig shown in Table 15 and Figs., 87 and 38.

Tahle 15
~ _ Colour reaction with

COMPOUND tp Rp ceric sulphate
7Cl-0H cholesterol | 2,62  0.53 blue

big-TLS i
7‘3 -0H cholesterol| 3.69 0.16 ‘ blue

bis-TSi

Neo3 3.G6 0.17 blue

tR w retention time relatgve to cholestane
on 1% SE - 30 at 225C.

. \
RF values were recorded using hexane:benzene (2:1 v/v}
as solvent system.




cholesterol TMSi 7¢*-OH cholesterol TMSi

i 7(S-OHcholesterol TMSi

Solvent systems- he:.roxiesbenzene (2sl v/v)

spray:- JVfo eerie sulphate in 10" sulphuric acid
FIGUIIE 8S GLC CF 7C*AKD 73 -OH CHOLESTEROL TVS1

1% OV-1 (10)
240°

2-62 3-69

minutes
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From these cn;o“"tog ephic mobilities it can be seen that
comﬁound N2 i 75 ~hydroxycholesterol trimethylsilyl ether rather
than the T{-isoner. Thig identification was confirmed by
oxidetion of N8 with mansanese dioxide end examination of the
product by ulire~viclet spectlroscopy. This clearly demonstrated
the presence of aﬁ(ﬁ,€3wunsatura{ed ketone end was closely similar
to thet of authentic 7mketocholes£erol both in the wavelength of

Et0H
the maximun end inteasity. ;\ v, = 237 m)J_;Er—- 12 x 103)

LA e

v

Peaks No4 and N.B:~ DPealsy N.4 end N.5 both gave mass spectra
with a molecular ion at nMe 845 which has been found to be
characteristic ¢f a dihydroxycholestene bis-TISi ether.

TiC and GIC evidence suggested that compound V.5 might be

26 - hydroxycholesterol big-TiS3i ether., This tentative
identificetion wes confirmed by examination of the mass

" spectrun recorded for this cornound and by comparison of this
with that of the authentic derivative. Thé line diagrams thus
obtained are shown in Fig. 389.

Con@ound N.4 was found to have TILC polarity intermediate
between the TiSi ethers of cholesterol end 26 - hydroxycholesterol
and to be similar in RF value to 240 -hydroxycholesterol |
bis-Ti 81 ether. However, TIC in the form of this derivative in
hexane-benzene (2:1 v/v) is wnable to distinguish between the
24cfand 25 — hydroxyisomers, On the other hend these isomeric

stercls can be separated on GLC both as the free sterol and as
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mass gpectronedry,
enabled the identif Cublom P opeall No4d as 240{-hydroxychiolesterol
big-T:Si ether, and line disgrema of exiracied and reference

derivatives are illustrated in Fig. 40. Since no reference

sample of the ?;B-uqzrm"jeniLey (cerebrostendiol) wos available
e cannot sey with cerdainity thet we could differentiate between

this compound end the 240{-hylroxy coupoimd, Nevertheless, our
experience with epiueric pairs of sterols shows that they are almost

invariahly separable by TLC or GLC in the form of the TiSi ethers.

©“

t

Thig effect probhably resulds from the foct that this bulky ether

o

grouping greatly enhauces the stereochemical differences bevween

sples from our own e ence can be seen in the

epimers. Exauy
GLC sepavabions (1% ©Z 80) of the TuSi ethers of the follewing
pairs: Tclend 7@-&q@roxycholés%erolg cholest—-5—en-30{~o0l1 and
cholest—5—en~38-ﬂﬂ3 5CA-cholestan—TCA-01l ond 5c{~cholestan—76—ﬁ1;
50{-cholestan~5,6({ ~diol and Bc{-cholestan-5,63-diol. (see
Appendix I, page 2586},
Fraction 9P |

In o similar menner, GC-13 used in conjunction with TiC
and GIC esteblished that the main components of fraction SP were

the TSi ethers of cholesterol and 23 - hydrozycholesterol with

traces of 7ﬁ§— ond 25 - hydroxycholesterols.,
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Alkaline hydrelvais of "nolor ester" froction 9.

16

Alkaline hydrolysis ie o necessary sequel to reductive

hydrolysin, since it is possible that some of the sterols
(e.g. 7B ~hydroxycholesterol end 24CA-hydroxycholesterol) found
following the usce of the latiter technique could have resulted by
reduction of the corresponding keto—compcunds.' An additional
adventage resulting from the uvse of the elkaline method is that
the sterols and Tatty acid portions of the ester molecules are
isolated scparately, |

Bearing in mind the facile dehydration of 3{3—5071 esters
of T0(-hydroxycholesterol ohserved by Boyd (8), & very mild
alkaiine hydrelysis was carried out on an aliguot of fraction 9
in an atterpt to minimise the risk of such an elimination (see
pege 109}, The neutral reasction products were exsmined by TIC
in chloroformtethyl acetate (3i1 v/v) end the three main sterols
found had identical behaviour to cholesterol, 23-hydroxy-
cholesterol and a T-hydroxycholesterol {see Appendix I om page 267).
Fig. 41 shows a tﬁin-layer chromatograem of the seme saponified
pglar ester fraction in the form of the trimethylsilyl ether
derivatives., Clearly visible in this chromatogram are the
TuSi ethers of the sterols tentatively identified by TIC in
the free form. However, what cannot be seen in this figure

is the important colour reaction which took place during the

development of the spot corresponding to cholesterol TSi ether,
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i LU (R SO morro Gi? oAbt w 1750 e T PP TM gy

cholestera IMS (7ox(H)

26-CH cholestera TVE

73-OH cholesterol TivVE

S, Ivent;- hexane%enzene (2*1 v/v)

sprayt- 1$ oerio sulphate in 10" sulphuric acid
During heating a brilliant blue spot emerged at this position
and could still be clearly seen after the full colour development
of cholesterol .TMSi ether. This is thought to be due to the
presence of 7cX-hydroxychole.sterol bis-TiSoi ether r/hieh has been
found to have a TLC mobility closely similar to the corresponding
cholesterol derivative. (see Fig, ST on page ITS). Hydrolysis,
followed by separation of the T-hydroxycholesterols by preparative
TLC and repreparation of the TFSi ethers has, however, yielded an
unexpectedly small spot for TOC-hydroxycholesterol .XLSi on TLC,



Study of Tlorisil coluw Iraction 10,

The work cn'"poloxr esterd cutlined above relates to the

2.

study of & Florisil colurm frection nmumber 9, whereas the
following section demcribes the analysis of the next fraction
(No. 10) from the same columm. As expected, this sample

contained e preponderonce of egters which resemble those in

fraction ¢F, TiC, GIC and GC-135 was carried out on aliquots

of this sample efter elkeline end reductive hydrolysis. The

)
major compounds were found to be cholesiterol end 286-hydroxmy-
cholesterol with o much smaller c¢uontity of TﬁB—hydroxycholesterol.
A trace of 24Ch-hydroxycholesterol which eppeared aflter treatment
with lithivn eluminiuvae hydride is thought, on the_basis of
chromatographic evidence, to have resulted frém reduction of

an egter of 24-ketocholesterocl. This has not been confirmed

by mass spectrometry owing to the very limited supply of this

relatively minor component.

A suﬁmary of the sterols identified after hydrolysis of

the various fractions is given in Key 2 on page 158.



"FOLALL BESTIRY TATTY ACIDS

The necessivy to cxamine ithe fotiy acid moieties of the

"polor esters"

has already been stregsed in connection with the
proposed exigtence of a lyaromj fatty acid ester of cholesterol.
Three epproeches to the problem of the analysis of these acids

were employed,and these were dictated by'the methods of hydrolysis.

Method 1., Alkaline hydrolysigs—~ A portion of '"polar ester"

repregsentetive of the totel range of compounds present

(cf. fraction 9) was hydrolysed under alkaline conditions in the
nmenner described on page 109.  After extraction of the alcohols
the sgueous layer vas acidified.and the acids were eﬁtracted with
ether, The acids were methylated with diazomethane (page 108)
and were scrutinized by TIC using benzene:ethyl acetate (20:1 v/v)
as solvent system. A typ1ca1 chromatogram obtained in this
manner is shown below in Tig. 42, This indicates that the main
components from the extracted acids resemble reference samples

of mono-hydroxy fatty acid methyl estsrs in chromatographic
'mobility. The existence of a hydroxyl group in the extracted
acids was indicate&‘by a marked reduction in TIC polarity following

acetylation., A corresponding increase in mobility was observed

. for the authentic mono-hydroxy fatty acid methyl esters.




PIGQ3KS 42.
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extract reference cmpds.

Solvent:— benzene : ethyl acetate

Methyl esters of fatty acids formed on alkaline hydrolysis

"polar esters".
Acetylation products of fraction in
12-011 Stearic acid methyl ester.

Methyl laurate.
OC~OH K yristic acid methyl ester.

Methyl linolenate.
Methyl. laurate.

lane

TLC of fatty acid methyl esters

(£0:1 v/v)
Spray:- Saturated sodium periodate in 10/* sulphuric acid.
1.

1.

IST

of



FPigure 43 shows e GIC study of the fatiy acid methyl
esters derived from the polar esters, after treatment with
hexomethyldisilazane,

FIGURE 43. GIC of "polar ester" fatty acids

14 SE-30 © 120230 4 /min,

i D
V 2070 . .
H 2305
C
1855 H
2365
A E |
Kh& B 2105 T A 8
JL» 2340 \/\’J\/‘\——’\,\
. . . . G

Retention data suggest thet peaks A, B, C, D and E represent
conventional fatty ecid methyl estérs aﬁd these compounds were
unaffected by the attempted trimethylsilylation. However,
peaks ¥, G and H showed a marked sharpening and increased
retention times suggestive of the ethérification of hydroxyl
groups. GC-S examination confirmed that peaks C and D
represented normal fatty acids (C was found to be methyl

palmitate end D a mixture of methyl oleate and methyl linoleate).
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"Alwost ddentical epectire were obtained from peaks T and H
suggesting that these might be epimeric compounds. A line

diagram of the mass spectrum of peak F is shown in Fig. 43a.

FICURE 430. MASS SPECTRULL OF FGAK F.

3 X5

3

225 -3’

130 155 L 4 3% 35
. 292
! 143 / : 239 , 3 ~
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Lu.iuu HTETTN |.1|| L K} ll I} L

Fraguments at m/e 292 (P - 90), m/e 851 (P - 31) and at m/e 73
indicate that this is the spectrum of a trimethylsilyl ether
of a hydroxy acid methyl ester. A possible formal structure

is shown below:-
m/e 225 <—,

f
Cg Hy g CH—i—-(CH2)7 CO e

I
0.Si Mes

where C9 H15 represents a diunsaturated alkyl group and vhere
the abundant fragment of m/e 225 represents cieavage of the
ester CAto the trimethylsiljl ether group as is indicated above.

This argument is based on the assumption that the iom of nfe 225

‘contains the T.Si ether grouping. Examination of the mess




-

7241 ether derivetis

poX}

spectrum of the perdentevote
(iees R =0 Si(ng, } of this molecule ghows o shift of + 9 mass
units of the m/e 225 ion vhich indicates that this fragaent

contains the ether grouping (8). The location of the proposed

double bonds in the C alkyl group has still to be settled.

H
9 715
It is proposcd to ebiempt this by the procedure of Niehaus and
Ryhage (9) viz. by hydroxylation with osmium tetroxide and
conversion compound to the polyuethoxy methyl ester. Ixamination

of the mass spectyrum of {his ester should indicate the location

of the double bonds.

Method 2. Reductive hydrolysis.

A study was made oi the alcoha 8 produced on reductive
hydrolysis of a type ¥ polar ester fraction. The worl already
described has shown that this type of fraction (cf. fraction ON)
yields cholesterol and 7ﬁi—hydroxycholesterol as the major sterols
after reduction. ‘ince the reduced fractions contain fatty
alcohols as well as sterols, they shovw a relatively laorge range
of molecular weights and hence are best examined by GLC using
temperature programming. Fig. 44 shows a total ion current
record of the chromatographic behaviour of the liberated compounds
as their triwmethylsilyl ethers.

Peaks 7 and 8 in Fig, 44 are on the isothermal part of.
the chromatogran and were shown by GC-1S to represent the T:Si

ethers of cholesterol end TGS—hydroxycholesterol respectively.




FIGUKEiéé. | TOTAL ICH CUDRENT CHOOLATOGRANM
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b o]

The mass spectra of vhege cotﬁsunds have been discussed earlier
on pagea 174 and 175, Compomnds 1 to 6 represent TSi ethers

of the reduced fatly acid portions of these sterol esier molecules
Peak 2 was found to be pelmityl (16:0) alcohol f”“# and peak 3

e nixture of the TiXi ethers of oleyl (18:1) and linoleyl (18:2)
alcohols.. Coumpounds 4 and 5 in Fig. 44 gave almost identical

moass spectre aend are thought to be reduction products of compounds

F and H in Fig. 43, A line disgram of the mass spectrum of peak

jo !

4 is showvn in Fig. 48. As cen be seen from the diegrem, compound
4 containg en important ion at m/c 225 which has already been
digcussed with respect to compound T in Fig.'48. The change "in
molecular weight in going from cémpound F to compound 4 (+ 44 mass
units) corresponds exactly to the expected change for the

conversion of a methyl ester grouping (- co “c) to the TiSi ether

derivative of a primary alcohol (- Cﬂasi Mes). Thus, a possible

FIGUEE 45, MASS SPECTRUM OF FUAK 4
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peaks marked with an asterisk are 10 times true intensity 426

130 225 T 355

N
w
@O
*
R
u"l
—
)
w
o
S~
w
Qo
Wa

103

' : 253 4 o . a
’E!”lu’l.u.hll.lﬂ: Lafe, .‘JJ;JLLLL e at .l. 1 l lul LJ ) b } 3'-09 '-/ L L




193
gtructure for compound 4 is os follows:-
<— m/e 225

|
C9 H15f~“Cﬁ-»1~w«(Cﬂ2)imm-Cﬂz 0 Si hea

¢ Si Mea

Method 8. Alkaline transesterificetion

A similar, but not identical type N fraction to the one
described above was subjected to aolkeline transesterificetion
with sodium methoxide (see pege 108), o reaction expected to
produce fatty acid methyl egters and sterols from "polar estera".
- Again duve to the lerge rauge of moleculer weights expected, the
products were examined by GLC using itempereture programming,

Fig. 46 shows the chromatogram obltained. Retention data
suggested that peaks A end B in the chromatogram corresponded to
normal fatly acid methyl esters. GC-18 confirmed this, showing
thét peek A is methyl palmitate‘and peek B is a mixture of methyl
oleate and linoleate. Attempts to trimethylsilylate peaks C and
D vere unsuccessfulywhich was uwnexpected, since these were
considered to arise from hydroxy fatty acid methyl esters.

A mass spectrum of compound C is shown below in Fig. 47. From
this it would appear that we have formed a methoxy fatty acid
methyl ester during the transesterificetion. Assuming this the
results can then be related to those frpm the other two methods

of hydrolysis.



FIGURD 46, GIC cf ypolar esters after plkeline transesterificaiion.
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FIGURE 47, Mass spectrum of pealk C
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A tentabive giructurs Tor the moleculs is shown boelow:-

I ’1 24
1
m/e 187 < '

Fragmentation of the molecule Ckco the methoxyl group as shown

in the diagrem would account for the base peak (m/e 167) of the

spectrun.  The pregence of o methoxyl group in the molecule is
suggested by the loss of 32 mass wnits (ﬁ/ 292) from the
molecular ion, corresgponding 1o & loss of methanol, an established
- fragment for methoxy fabtty acid esters (10),

Exawination of the mass specitra in Figs. 43a, 45 and 47

shows that in each case theye is a loss of 71 mass uwnits from

the molecular ion vhich might correspoend te rupture of the

molecule adjacent to & site of brenching (10) o possible fragrent

of 71 massg unit is eg followss-—.

| Cfis

CH3 -»‘CHg - CH2 - CH-—T—— .
T e

If this hypothesis is correct a tentative structure of the
originel hydroxy fatty acid methyl ester can be drawn up and

is showvm below:- CH, OH
(¥}

CH, (CHQ)? - CH -CH®CH ~CH g Cl -CH - (0212)7 - €0, e

q

This structure hovever, remains to be verified.
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established components of seed oilz,  Dimorphecolic acid
. P
(9-bydroxy~trans, trans = 10,12 octadecadiencic acid) has been

identified as the chiefl constituent falty acid of Dimorphotheca

Lurentince seed oil (13}, The corrvesponding 10 - trang, 12-cis

has been identified in Calendnla Officinalis seed oil (14) and o

possible biosyathetic roule from linoleic acid hag been guggested
for both compounds (1B). The allylic pesition of the hydroxyl
group in these two plant acids was demonstreted by rapid
conversion to the corrvesponding methoxy compounds in the presence
of methenol end dilute acid (16). A similar rapid wmethexylation
of the acid in the present work during trangesterificetion with
dilute alikaline izethanol suggests'that it might alse contain en
allylic hydroxyl group. It should be possib le to establish this
by oxidation and examination of the U.V. spec{rum of the resulting
keto acid. Preliminary attempis have, however, failed to produce -

the required abscrption for ean A, Z’—unsaturated Letone but

this mizht be explained by the strong tendancy of such an allylic

o
[=2

alcohol to dehydration during oxidation.



Synthetic polaxr esters.

The Wérk on polar esters in the atheromatous plaque has
shown that two broad itypes of ester exist:-

(a) a hydroxycholesterol with orie of its hydroxyl groups
esterified with a fatty acid and,

(b) en ester of cholesterol with a polar acyl group presumed to

| be from & hydroxy fatty acid.

Synthetic polar esters representative of (a) and (b} were
preparecd in owxder to checl that such compounds were in the correct
chromatngra@hic range 1o correspond to the isolaved materiel.

70\-Hydroxycholesteryl palmitate (type a) wos prepared
| from cholesteryl palmivate as deseribed by Henbest and Jones (11).
Reaction of cholesterol scetate with 12-hydroxystearic acid methyl

ester in the presence of sodium ethylate (12} enabled the
preparation of cholesteryl 12-hydroxystearate (type b). The TIC

mobilities of these synthetic esiers are given in Table 16,

Table 16, TIC of synthetic polar esters
: Colour reaction
COxPCUND RF with cerie
sulphate

cholesteryl 12-0H stearate 0.43 Maroon
T00~CH cholesteryl polmitate| 0.40 Blue

cholesteryl acetate 0.65 laroon
cholesterol 0.16 Maroon

RF values were recorded in benzenetethyl acetate (e0:1 v/v)
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The extracted egiers ren in the R, range 0.3 to 0,65 in the TLC
conditions descriked ehove. Thus the synthetic lipids are in
the correct wmobility zone to correspond to compounds in the

igsolated material,

Quantities of polar esters isolated

Typical quantities range from C.5% to 1% of the total
purified lipid material, A recent extract has gifen
approximately a 20 mg. nmixture of polayr esters from 3.9 g.

of purified lipid.
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VAT T TR ALY
CHOIZESIERCL

(9 prelininery study

In 1930, cliolestanol (5okmc}101éstane - 8@»-—-01) was
reported to malke up 5-6% of the sierols present in the
atheromatous aorte (1y.  Loter work (2) suggested that the
quantity of this compound wes nearer 12% of the sterql in the

o

disessed ertery wall. Recently cholestenol hes been confirmed
as an arterial component by Moshach et al. {3) and by Furoda
et al. (4)

The object of our work in this field was to scan plaque
extrects in sesrch of this end other close relatives of cholesterél
such as 7 - dehydrocholesterol (cnaleat ~ 5, 7T - diene - Bﬁ-ol},
vhich has been reported to be present in various animal tissues
(5, 6) end in human brain (7). Similarly, desmoaterol |
(cholesta ~ 5, 24 — diene - 3(3— 01} has been identified in
humen brain (%) es well az skin (8). Perhaps rele?ant to the
present investigation is the fact that traces of 7 — dehydro-

cholesterol end desmosterol have beesn detected in the blood of

patients suffering from hypercholesterolemia (9).

The present work

The main problem in this study has been to detect very
small percentages of sterols in the presence of an overvhelming

mass of their close relative cholesterol. Spaell separations




possible by conventional methods when egunal proportions exists
however, when the quentity of cholesterol is perhaps one hundred
times greater, now wmethods have to be sought. Such a method,
vhich enubles the differentiation of sterols differing only in
the number end position of their double bonds, involves
impregnation of the silica gel adsorbent used in TIC with silver
nitrate (10). Turther separation improvements ensue from the
use of this system with scetate (11, 18) or propionate (12)

derivatives. he work degeribed below relates to the use of

TIC of plegue sterols on wodified loyers

The waterial used ir this invegtigation was a total
sterol fraction from the initial silicic acid columm (see page 109)

after the polar sterols had besen selectively removed

in methanol. TIC examination suggested that the only sterol

present ves cholesterol. Propionete derivatives were prepered
(see pagel@7) and the products purified by subklimation. The .
purified materiel was chromatograpbed preparatively on 20 em x
20 cm. TLC plates impregnated with silver nitrate,uﬁing hexane!
5enzene (5:1) v/v es developing solvent. Four sareas were

scraped from the preparative plates efter locetion of the various
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bands by compoarison with a similorly run enalytical plate.
Two bands wore polar than cholesierol propionate (band 2) and
one less polar were isolated. 50 far only band 4, (RF = 0 - 0,8),

Fy

has been examined,

Band 4 (Area HF @ ) - 0;3 including the origin of the
ehromatogram)

After elution from the silica gel the esters contained
in this fraction were examiuned by analytical TIC on unmodified
silica gel using benzene:ethyl acetate (2021 v/v) as developing
solvent. Pig. 48 shows the chrowmatogram obtained, the left-
hand lene of the TIC plate containing reference compounds
(cholesterol prepionate, choleste - 3, 5 — diene - 7 — one and
cholesterol), vhile the right-hend lane shows band 4, Compounds
were found in the extract which corresponded to cholesterol
propiénate, desmosterol propioﬁate, cholesta — 3, 5 ~ diene - T -
one aud cholesterol in mobility and colour reaction, Apart from
these there vere several unidentified compounds which had pelarity
intermediate between cholesterol and cholesterol propionate.
Band 4 vas split into four sub-fractions A, B, C and D (see
Fig. 48), by preparative TIC on layers of silica gel, using
benzenetethyl acetate {2031 v/v) as solvent system. Areas B

and C were found 4o contain the corpounds of greatest 'interest.

Fraction 4Bs—~ This fraction contained compounds which judging




Figure 48 v TLC of band 4 (propionates)

cholesterol

propionate

cholesta-3,5

-diene-7-one

choles-terol

Adsorbent:- MN-Kieselgel G-IIR (unmodified)
solvent:- benzene : ethyl acetate (20:1 v/v)

spray:— Wo cerio sulphate in 10" sulphuric acid
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from their TIL bshoviour eppeared to be mono-hydroxy steroid

propionates: the twe npjor corpounds corvesponded in behaviour

with propionates of choleslerol and desmoghberol. In order to
substanticte these tentative identifications a gas-liguid

substenticte these tentotive identifications a gas—-liquid
cthuuouwivuan BLULY WS LWU¢ 01 TN1S Irecuion, and vae
chromatogram obtained is ghova in Tig.49(a). Three major
compounds were found to be present and their retention times
relative to cholestoene sre recorlded vader the eppropriate peaks.
The retention times of peaks 1, 2 end 3 vere identical to those
of cholesta -~ 8, 5 ~ diene — 7 — one, cholesterol propiounate
end desmosterol prepionabe respeciively.

Propionate esters of A?-—iBﬁ—ﬁfarols, like'their acetate
counterporis, sre not ideal derivatives for moss specirometry
since in many instonces they eliminate propionic acid in the
mess gpectrometer giving an epparent mslecular ion et P-74 mass
units. However, considerable information can be obtained from
& study of the specirs of the resulting hydrocarbons; The total
ion current chromatogram obtained from the 1IXED 9000 GC-1S
instrument for fraction 4B is showm in Fig.49(b).

Compound 1, which hed previously‘beén shown not to form
acetate or trimethylsilyl ether derivatives, was suspected to
be the unsatursted ketone cholests = 3, 5 -~ diene - 7 -~ one from
TIC ahd GIL mobilities. The mass spect%um obtained for the

isolated compound wes identical to that of a reference sarmple of

cholesta - 3, B — diene — 7 — one (Fig. 50 ).
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Figure 49 GIC of fraction 4b.

(a)

1, SE-30 : 225"

Fr. 4B.

(p) TIC TRACE of fracticn 4h.

désmosterol

1 .— propionate

retention times relative to 5ct-cholestane are given under
the peaks.
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Peok 2 geve e moss specirum similer to that of the
hydrocarbon cholesta - &, 5 - diene (see Fig., 18 on page 134},
and is considered to regult from cholesterol propionate which
has eliminated propionic gcid in the mass spectrometer, In &
similar monner pealt 8 has been shown to give a spectrum typical
of a cholesta-triene or trienes (Fiz. 51) as would be expected

if this compound were desmosterol propionate. Almost identical
specira have been recorded by Brooks et sl. (14) and by Galli
and lMaroni (15) for desmosterol acetate.

Additional proof of the presence of deswmosterol propionate
was obtained by analyticel TIC of fraction 4B on layers of silica
gel impregnated with silver nitrate. The chromatogram was
developed using hexane:benzene (5:1 v/v) as solvent system and
the two major compounds in the extract had the same RF values as

cholesterol propionate (RF = 0,41) end desmosterol propionate

(RF = 0,22).

Figure 52 GIC behavionr of fraction 4C

. STEROL PROPIONATES
19, SE-30 240 TIC.chromatogram
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Frection 4Cs— The 4otal ion current representation of GIC
behaviour of this fracition is shown in Fig. 52. Peek 2 and
peak 5 from this chromatogram gave identical mass spectra which
vere quickly recognised as the fragmentation of cholesta -~ 3,
5 ~ diene ~ 7 — one (see Fig. 50). Peplr 2 has the correct GIC
retention time 4o be this uwnsaturated ketone but to explain the
seme mass spectirum's being obtained for peak 5, coupied with the
long retention -time of this compound (tR = 8,00)we have to postulate
the existence of a keto-sterol propionate which undergoes an
elinmination of propionic acid in the mass spectrometer to give a
diene - one. T-Xetocholesterol propionate wes found to give the
séme GIL and GO~ data, and on TIC corresponded 4o a previously
wnidentified commonent in the extract (see Fig. 48, page 203).
Peaks 1, 3 and 4 all gove identical spectra with an

epparent molecular ion at m/e S84, The presence of a peak at
m/e 2568 representing a loss of 18 mass units is thought in this
case not to be due to a loss of water since this should eliminate
before rather than sfter propionic acid,. It is therefore
possible that it resﬁlts from a ketonic grouping. Peaks 8 and 4
with relative retention times of 5.3 and 6.5 respectively
therefore might represent epimeric ketosterol propionates since

their retention times are considered to be too long for simple

sterol propionates but too short for diol propionates. If this

theory were correct peal 1 could then represent the corresponding
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unsaturated ketone resuvliing from thermal elimination in the

gas chromatogranh, The structures of thege unidentified

[é]

compounds remain to he elucidated.

Vork is in progress to wmodify the present method fof use
with derivatives other then propionntes. Special attention is
being peid to derivdtives which have more suitable TLC, GIC and

Amass spectrel characteristics, Examination of the properties

of TMSi ethers has sheva them to be wnsuitable for silver nitrate
TLC. under the presently Lknown conditions: however, preliminery
work with trifluoroacetates has proved more successful and has

enebled the identification of cholestanol in plague extracts (16).
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So fer, we have discussed the lipid groups exsumined in order
of their increasing chromatogra hic polaritvy, however, this
bears no relationship to the actual chronological sequence in
which the various fractions weré studied. Although “polar
sterols" ere discussed last, they %ere the first type of minor
component for which we searchad, and are the clasg most fully
documented by previous vorkers. By "polar sterols" we mean
sterols which are chromatogrephically more poler than the major
sterol cholesterol,

At the siart of our work there had been three important
studies on ninor steroidal components in the human atheromoatous
eorta, nemely those by:—

(2) Hardegger 1943 (1)

(b) Xentiengar and Morton;1955 (2)
(¢) Henderson,1955 (3).
Each of these studies was severely handicapped by the

absence of suiteble techniques for the identification of
microgram guantities of steroids. The vork of Hardegger gi.gl, (1)
illustrates the classicel apprecach to the problem, where huge
amounts of tissue (elmost four hundred aortas) had to be used -
in order to obiain sufficient quantities of the nminor steroids

to permit identificetion by the then evailable methods.



The autopsy material used in that‘investigationlwas collected
over a period of two years, stored in ethanol, but not extracted
until the collection of tissue was complete. Vhole amortas were
used rether than plagues, thus including material characteristic
of ageing rather then stherosclerosis, The total extract was
saponified and the bulk of the cholesterol removed from the
wungeponifiable fraction by crystallisation from methanol.
The methanolic mother liguor was then chromatographed on a
column of deactivoated elumina. Tach minor component was then
identified on the following evidence:-
(a) A carbon and hydrogen elemental analysis to establish the
empirical formula.
(b) Melting peint end mixed melting point, vhere a reference
coupound was available.
(¢) Chromatogrephic mobility on an alumina cﬁlumn.
(d) Derivative formation (including analysis of the derivative,
and o mixed melting point with the authentic derivative).
(e) Molecular rotation. -
(f) Ultraviolet spectroscopy.
Thus each compound was identified on sound chemical and
physical evidence: however, the necessarily prolonged nature
of the investigation introduces the possibility that some of

the compounds thus obtained are artefacts rather than genuine
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corponents of the atheromatous aortm. The study of pooled
sorvas also loses the individual inmformation potentially
obtainedle from the exonination of single arteries.

The steroidel compounds identified in the work of
Hardegger_gﬁ_él. weres—

(2) cholesta - 3, B «'diena -~ 7 -~ one,
(v) cholesta — 4, 6 - dicne »'3 - one,
(e) Bol~ cholestome ~ 88, 5, 6 - triol,
(a) 78 - hydroxycholesterol.

The second study, thet of Kentienzer and Morton (2),
used a mach sualler scale,. Preliminary work was cerried out
on plaques dissected from ome aorta, & larger quantity of minor
components being obtained later usiang pooled plague extracts.
Cnly one compound, cholesta — 8, B - diene - 7 — one, was
identified using ultra-violet spectroscopy after repeated
chromatograrhy on alumina.

Henderson (8) used en intimal-medial preparation of the
aorta and also of arterial tissue from several other common
gites of atherosclerosis, such as the coronary and cerebral
arteries. Tissue extracts were split into four fractions by
column chromatography on silica gel, after which they were

saponified. The steroids were cheracterised by RF values and

colour reactions on paper chromatography.
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The compounds tentatively identified were:-

(a) 7cxaud'?§3» hydroxycholesterol,

(b) B~ cholestene — 3@, 5, 68 ~ triol,

(¢) & compound suggested to he 24- or 25-hydroxy-

cholesterol.
In our work we gimed to reteain individual information,

to process extracts as quickly ez possible, and to avoid drastic
conditions liable to initiate the formation of artefacts. At
the start of our work we planned to use recently develoﬁed
techniques of thin~layer and gas-liquid chrom@i@graphy to
identify the separated steroids.  The availability of the
1KB 9000 gas chromatogroph — wass spectrometer during the later

stages of the work greatly aided thesge identifications.

The present work on polar sterols

The mﬁterial used in this pert of the investigation was
the entire sterol fraction eluted from the initial silicic acid
coluzm chromatogrephy of the plaque lipid extract (see page 102).
In eddition to sterois, each fraction of this type probably
contains diglycerides and monoglycerides. The basic problem’
“has been to concentrate the polar éterols relative to an over-
whelming mass of cholesterol. Fieser (4) and Cargill and Cook (5),
also faced with this problem, employed repeated crystallisation

of the sterols from boiling acetic acid, the cholesterol
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(end perheps other nono-hylroxy steroids), crystallising out as
the 1:1 ecetic acid complex and leaving the more polar sterols
in the ecetic acid mother liguor. Bearing in mind the risk of-
artefact Tormation, we have avoided the use of boiling acetic acid
and have favoured crysitnllisction from methenol as suggested by
Hardegger et al. (1). This solvent was thought to be especially
suitable since.it ig Imowm to stebilise certain labile steroids

such as 7 — dehydrocholeaterol (6).

Concentration of polexr sterols

The total sterol fraction wes repeatedly crystallised
from methenol as described in the experimental methods section,
page 111. The mother liquor, after approximately six
successive crystallisations, was reduced to dryness under a
water pump vacuum, end the oily residue.dissolved in hexanetether
(3:1 v/v) and chromatograephed on & column of deactivated
Florisil (7) (see page 104). A flow-diagram giving the solvents
used in the elution is shovm in Fig. 53. The bulk of the
cholesterol remaining was removed from the columm by elution
with ether, which also eluted later a yellow oily material
containing polar.éterols (polar sterol fraction 1). A second
oily material was ohtained using ethyl acetate and vas designated

polar sterol fraction 2.
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FIGURE 53 FLORISIL COLUMN CHROMATOGRAFPHY

STEROL

recrystallisation | from MeOH

CHOLESTEROL . . POLAR STEROLS
Florisit | column
chromatography
Et20

hexane:E10 : Etzo DI-HYDROXY

2 STEROIDS
(3:1vv)

E10Ac
CHOLESTEROL -

~ POLAR ESTERS’ N TRI-HYDROXY

STEROIDS

Analysis of fraction 1

.Preliminary examination was carried out by TIC using
chloroform : ethyl acetate (3:1 v/v) as sélvent system. An
egpecially prominent polar sterol (A at RF = 0.30) gave a ina;roon

_ colouration similar to cholesterol (R = 0.66) when sprayed with
an acidic solution of ceric sﬁlpha.te. Other less intense spots
were indicated at RE‘ = 0,47 (dark brown) and Ry = 0.19 (plue).

All spots on the chromatogram were partially obscured by a general
browvn streak which accompanied all fractidns at this stage of

purification. On the suggestion of the work of Henderson (3),
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24 -~ oand 25 - hydvouycuolegtesrol were tested in the above TiC
sible ddentities of polar gterols in the extracted
material, 25 -~ Hydroxycholesterol (R? = 0,83) was found to
have am RT value slightly greater thon the ma jor polar sierol
in the pleque extruct, whereas 24C{-~ hydroxycholesterol
(RF = 0,45) was markedly less poler. Both of thesevreference
cempounds gove different colour rveactiong from the unknown when
sprayed wvith en acidic solution of ceric sulphate, A npumber
of other sterols were also tesfcd under these conditions and
their TIC mobilities end colour reactions are recorded on
page 267 in Appendix I,

The results expressed above suggested that the major
polar sterol im the plaque wos neither 24— nor 25-hydroxycholesterol,
This non—identity was fﬁrther emphagized in a gas-chromatographic
exemination. Fig. 54 illusirates the chromatogram obtained in
this investigatioa. TIC had suggested that cholesterol was
still present in the extract end GIC gave a peak (peak C in
Fig. 54) vhich corresponded to this sterol in retention time,
Tﬁe other major peaks which gppeared were labelled A end B,
A being the larger of the two, The retention times of
components A, B end C relative to cholestane are shown in the
figure, elso récorded are the relative retention times of 24 -
and 25 - hydroxycholesterol chromatographed under identical

conditions. From these results it can be sean that neither
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19, SE-30"

235°

C

3 (free form)

CCrPOUMD #R

A 4,71 .

B 4,08

C 1.99

D 3,30

E 2,50
cholesterol: 2,00
24K~ GH cholesterol 3.68
25 — O0H cholesterol 8. 84

FR = retention time relative to cholestane.
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corpound A nor B corrcsponds to 24 or 25 - hydroxycholesierol.

Purification of polar sterol exiracts

TIC of polar sterol extracts clearly demonstfuted that
although considerable quantities of polar sterols were present,
they were in a very impure state, possibly‘contamina£ed with
diglycerides and wmonoglycerides as well as piguents. A fraction
bcontaining poler material wag split into two equal portions, |
oﬁe of which was converted to the trimethylsilyl ether derivatives
and the other into acetate derivatives (see page 106), after
vhich both were sublimed (140° - '150%; 0.2 mm Hg).  After
sublimation some yellow oily material was left behind in the
sublimation tube in both cases. TIC examination of the
hydrolysed acetate derivatives after sublimation showed that
considerable purification had teken place. The GIC traces

%) obtained for the trimethylsilyl ether and

(1% SE-303 235
acetate derivatives ere shown below in Fig. 55. In this diagram
the major polar sterols have been lebelled A and B (' for TuSi
ethers and " for acetates). Vhen the relative rctention times
obtained here for the acetate derivatives are compared with those
of the original free sterols (page 222} an important conclusion

results. If we apply a retention factor of approximately l.4

for acetylation (Brooks and Henaineh (8) ), compound A on
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474

6-30

14SE-30 at 235°
and 30 ml/min.

Acetates

9-27 5-58

A 1 1 1 i

100 80 60 40 20 V)

minutes

Retention times are relative 1o 5cx~ch01estane.v

. acetate formation shows an increase in retention time consistent
with the formation of a diacetate as expected, whereas compound
B formed only a monoacetate.  The possibility that B was &
monohydroxy steroid was unlikely in view of its chromatographic

igsolation, and its retention time.
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The chrometogrephic dote might have fitted e gteroid diol with
one of its hydroxyl grouwps stericelly hindered preventing acetate
formation, but drastic acetyletion éondlulonﬂ produced no change
in retention time, It thus seemed more probsble that compound B
was o keto—-sterol. Two readily aveilable keto-szterols, namely
24 - ketocholesterol (Sﬁ~Jwﬂroxymcho1est—5—en~24—one) and
7 - ketocholesterol (Sﬁg~hydroxy«cho1est~5—en»7~one) were examined.
7 — Ketocholesterol was found to have identicel GIC behaviour to
extracted cormomnd B ag the free sterol, as the acetate and as
the trimethyleilyl ether derivative. |

Compound A was teﬂiatively identifiedjas 26-hydroxycholesterol
(cholest = 5 = en - SB; 25 - diél) on the basis of its chromato-
graphic mobility and colour reactions. Preparative TIC as the
trimethylsilyl ethers in ha:ane:benzepb (es1 v/v) has showvn that

)

the isolated sterol which gives a large maroon spot more polar
than cholestercol TI8Si is the compound which gives peak A' on

GLC. It shouid also be yioted that although 25 — and 26 -~
hydroxycholesterol are not well separated on TIC as the free
éterols, they are clearly separated as TiSi ethers and give
significantly different retention times on GIC as this derlvatlve
(see Appendix I, Teble 20, on page 259): thus they can be readily
differentinted. Further confirmation of the identity of

corpound A end 26 - hydroxycholesterol was obtained when they
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FIGURS 55  GIC OF TOLAR STUNOL FRACTION 1 (TSi ethers)

POLAR STEROLS
| ( TMSi ethers)

]olc QF°1 2000

Cormournds A and D were subsequently identified as
cholesterol Ti3i ether and 28-hydroxycholesterel
TSi ether respectively. (retention times recorded
under the major peaks are relative to cholestane).
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were comparca os their T3i ethers by GIC on the polar selective
phase [T-1, The chronatogram obtained for the extract is showa

in Fig. 55.

GC-28 examination of polar sterol fraction 1

Fraction 1 was examined by GC-~2S in the form of‘the
trimethylsilyl ether derivatives, and moss spectral scans were
obtained of the major components in the extract. TFig. 57 shows
line diagroms of the scens obtained for peok A' and for authentic

26 - hydrozycholesterol bis~TSiii ether. The close similarity
of these f{ragnentation patterns confirms the gdentity of compound
A as 26 - hydroxycholesterol. It is noteworthy that 24—, 25 -
and 26 -~ hydroxycholesterol, as well as being clearly differentiated
by their GIC retention times, all give strikingly different mass
gspectra as their TwSi ethers (cf. Appendix 2 on page 274).

A gimilar approach confirmed that compound B was
7 ~ ketocholesterol, and the spectire obtained for extracted aﬁd
reference materiql in a GC-}8 investigation are illustrated in
Fig. &8.

Our next step was to substentiate further the identifiéation
of compound B as 7 - ketocholesterol., Unlike most sterols,

7 - ketocholesterol is not well visualised on a thin-layer

chromatogramn by spraying with ceric sulphate, and its presence
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is frequently masked by

a2,
X

@ presence of irpurities.  However,
its ketonic nature con be readily demonstrated by spraying with
234 - dinitroPhenylhydra"luﬂ vhich yields en ovange colouration,
The best end most specific method for the detection of 7 - Lketo-
cholesterol on a TIC plate is, however, to spray the plate with
& 1% solution of sodium borohydride in methonol (9). If, after
a few minuﬁes,the'chro: bogram is then spreyed with ceric
sulphate and heated, the characteristic intense blue colouration
of a 7T - hyuro"wcnoloute 0]l develops at the position for

(i ketocholesﬁero;.

The presence of the(x,ﬁg—unsatu?ated ketonic system in
compound B was demonsirated by ﬁltraviolet spebtroscopy of polar
sterol frection 1 as the TiiSi ether derivative. The U.V,
spectra obhtained for compound B' and authentic 7 - ketocholesterol
THSi ether are shown in Tig. 59, The literature value for the
.absorption maximum of 7 - Lketocholesterol is 239 mu in ethanol (10).
The value found for the extracted materieal was 232 mMin
cyclohexane: however, applying a solvent correction of + 9 mu
teles this to 241 mpu which is close to the figure in the
literature. It is difficult to calculate an accurate extinction
coefficicnt from this ultraviolet spectrum since the fraction
contains several compoﬁnds. However,. if we assume thet the total
optical density at 232 mpu is due to 7 = ketocholesterol and

obtain the weight of this compound present from a comparison of



231

GIC peck heights, an epproximate intensity velue can he

. : . 3 .
calculated. Using this epproach a value of 10 x 10° was obtained.

FIGURE 59 UV, SFECTRUI OF 7 - IETOCHOLTSTEROL TSi ETHER.

“cyclohexane

i

232my extract

authentic

W W, B B

- The literature value for pure T - ketocholesterol is 12 x 103.
It is propogsed to obtain an accurate value by formation of‘a '
2:4-dinitrophenylhydrazone derivative which would give an

absorption clear of the troublesome region of "end absorption",

vhich is.a feature of the spectrum in Fig. 59.
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Initial difficulties caused by the masking effect of the
absorption of the 2:4-dinitrophenylhydrazine reagent have been
overcome by the use of preparative thin-layer chromatography.
Preliminary results using this approach have produced an
absorption for 7-ketocholesterol 2:4-dinitrophenylhydrazone
which appears to be complicated by the absorption.from other
ketonic compounds and further TIC will be necessary to produce

a unique absorption spectrum.
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Analysis of volay stevel frection

{ro

When the yellow oily moterial designeted Ypolar sterol
fraction IV ceased to be eluted from the Florisil columm, the
eluting solvent was changed to ethyl acetate which on evaporation
yiclded a small quantity of another oily material designated
"polar stercl fraction 2".  Anelysis of this fraction by TLC in
chloroformicthyl acctate (3:1 v/v) showed that this fraction
contained two compounds, one of which appeared to be cholesierol.,

The other, on spraying with ceric sulphate, gave a light brown

o

colouration, and moved only very slightly from the origin
(RF m 0,02). Polor sterol fraction 2 wes then purified by
preparation of trimethylsilyl ethers and sublimation, Examinaticn
of these ethers by TIC in hexane:benzene (2:1 v/v) showed thet a
considerable purification had toiten place. The two components of
the mixture sppeared at RF = 0,57 and 0,13 in this solvent system.
‘The less poler of these compounds was shown to correspond to
cholesterol trimethylsilyl ether in RF value and colour reaction,
while the more polar was found to correspond to the tfimethylsilyl
ether of Bok-cholestane - 33,5, Sﬁ—triol. GC-1S examination of
the extract énd authentic triol revealed that in both cases a bis—
rather than a tris-T.5i ether had been formed. The mass spéctra
of extract and authentic derivatives are shown in Fig. 60: they

almost certainly represent the spectra of the 3, 6 bis-ThSi ether
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derivative, [The Scl~ hyldromxyl groun has alresdy been showm 1o
form o ’I‘“Sl ether coupound oanly with difficulty in the cese of
5k cholestane = 5, 6A~ diol studied in the investigation into
pla,iiue hydrocm‘hons (page 148) .:]‘ It was found, however, that the
tris-TMSi ether could be formed under stronger etherification
conditiong '(pagelf)'i'), end the massv spectrum of this compound is
showa in Appeandix & on page 281, TFormation of the tris-TiSi
ether vag found to reduce rather than increase the retlention tim‘e
over the bis-derivetive (sce Fig. 61). A similar result was
found by Brooks et al. (171) in the irimethylsilylation of

5B - cholonetetrols.

FIGULE 61

TRIS ~ TMSi

BIS - TSI n

ﬁ TMSi ETHERS OF

CHOLESTANE -38,5¢ 53-TRIOL

1% e 30 ; 225°

[N
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The formation of the triz-Tl8i derivative wes also clearly
indicated on TLC where & striking reduction in polarity over the
bis-ether wos observed, os shown in Table 17 (cf. Appendix I,

Fig. 66, page 272).

Table 17 Chromatogrephic date for Sci-cholestane-3f3 ,5,6(3 —triol

derivatives.,
COMPOUN B Mol.
bis-TLS 4 4,99 0.13 564
tris-TSi 3.60 0.75 626

tp = retention time relative to cholestane
on 1% ST - 80 at 225°C.
R,  values were recorded using hexane-benzene (2:1 v/v)

a8 solvent system.
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Recent work on polar stevrols

The work on polar sterol fraction 1, so far described,
represents the resulis of early studiés(carried out before the
separation methods were fully developed) vhich do not reflect the
true COmplexity of the fraction., A gas-liquid chromatogranm
obtained more recently from a similer investigation is showm in
Fig.'62. In agreement with the carlier findings, 26-hydroxy-
cholesterol TSi ether (peak A) was found to be the most
predoninaut polar sterol derivative. Pealt B would appear to

represent a rather largér proportion of 7 -~ Letocholesterol TiSi
ether than had been previcusly indicated: however, scrutiny of
the mass spectrum obtained for this peak revealed that it was
composed of a mixture of 7v— ketocholesterol TiSi ether eand
5ok—cholestane—‘3ﬁ ,5,6@ ~triol bis-Ti8i ether. Previous work
with authentic derivatives had shown that these compounds are very
'pooriy separated on the non-selective phase SE-30. (see Appendix I,
Table 20, on peze 269). Peaks C, D, E end F have refention tines
relative to cholestane of 5,61, 3.72, 3.42 and 3;03 respectively
on 1% SE-80 at 225°C, Peok C was identified as 25 - hydroxy-
cholesterol TiSi ether from its chromatographic mobility end mass
specfrum. This is the only polar sterol fraction where this
compound has appeared and it is at present considered to be an

artefact deri?ed from cholesterol, A similar approach established




F IGURE 62

POLAR STEROLS
TMSi Ethers
17,SE-30 ; 225°

The peaks in the chroumstogram were subsequently identified as
the Tii5i ethers of the following compoundss-—
A 26 -~ OH cholesterol .
a mixture of 7 ketocholesterol and 5o(—c’nolesAtane-3B,5,6ﬁ ~triol.
C 25 - OH cholesterol
D 78 - 0H cholesterol
G cholesterol ,
and F have not yet been identified.

=




that peelr D wos 7é3~hyﬂr0xycholesterol big-1t51i ether: the
chromatographic charecteristics of this compound have already
heen discussed on pages 177 and 178, The structures -of the
compounds represented by peaks T and T have not been elucidated.
GC-1:5 has indicated thot the compound which gives peak E isﬂa

cholestene diol mono-T:8i ether, but further work will be

necessary before this compound is identified.

Quantities of polar sterolg

In all plaque cxtracts exemined 26 - hydr zycﬁolesterol
was by far the major polar sterol. Its conceﬁtration varied
from aorta to asorta but was estimoted by GIC to be of the order
of SQ}Lg/g. of purified lipid, 7 - Xetocholesterol, although
present in every extracit studied, was found in smaller quantities,
usually ahout one tenth of the concentration of 28 ~ hydroxy-
cholesterol. Frevious workersA(l, 3} have suggested that ToA-
and 7@ ~hydroxycholesterol are present in plaque extracts,
although no adequate separation method wes applied fof these
epimers. Ve have shown that these compounds are well separsated
‘as their TiSi ethers on TIC and GIC, and using this information wve
have been eble to demonstrate the presence of the 7ﬁ-dsomer in
the lesion at a level of ap?roximately 20—3Q}1g/g. of lipid,

Although 5K~ cholestene-3 ,5,6(3 ~triol was only found

in some of the extracts, where its level was of the order of




£
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30-40 Ju g/g. it is not thousht to bhe an artefact,and its
absence in scowe ingtonces woy have heen due to the extrene

polarity of this compound on silicic acid and Florisil colums.

Additional proof of the presence of 26 -~ hydroxycholegterol

The identification of 28 - hydroxycholesterol as the
TS 1 ether derivative by TIC, GIC and GC-IS has been described,
Early work on this identification involved the use of the
diacetate derivative which hehaved well on TIC, but geave en
inconveniently long GLC retention time (10,10 relative to

0 -
5 C.).  Although not giving a true

A
%)

cholsstane on 1% £T-80 at
molecular ion in its mass sgpectrwa, this derivative gives e

characteristic fraguentation pattern with en epparent molecular

>

-

ion at n/e 496 corresponding to the elimination of the elements
of ecetic acid (60 nass units). Line diagroms of the spectra
of isolated ond euthentic 23 ~ hydroxycholesterol as the
diacetate derivative are showm on page 281 im Appendix 2.
Another approech, which mekes use of the rether unusual
primary hydroxyl group in 26 - hydroxycholesterol, is béing
atterpted at present. This method involves hydrogenation :
followed by chromic acid oxidation end gives rise to
8 - ketocholestanoic acid.
It might be argued.that the compqund'which ve have
identified as 26 — hydroxycholesterol'(cholest»é—en—3ﬁ5,26-diol)
"

might equally well be the corresponding 3 -hydroxy epimer

[~}



(i.e. cholegtm5S-cn=-0C ,08-3i0l) . This covpound would be expecied
to give an olwost identical wess spectrum to 28 - hydroxycholesterol,
but on the other hand it has been shown (see Appendix I on page 269)
that cholesterol (cholest—é-—en-—Sﬁwol) and epich(;lesterol
(cholegt~5~cn—-8c{~o01) are well gseparated on TIC and GIC as .their
trimethylsilyl ethers. The chromatographic data for the

isolated diol (as ::L‘bs TiSi ether) are thus quite incompatible

with the 3~ configuration,
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compounds‘which we have identified in the atheromatous plague

in the light of the current theories of pathogenesis. However,
since we have at present only studied one stage of the disease,
fhe ideas expressed here must be considered as speculative,
having regard to the limited evidence obtained. Nevertheless,
it is felt that the methods developed in this work will form the
basgis of a wider &ppfo&ch to the problem, and will facilitate
comparative studies of plagues selected as being representative

of the steps of evolution of the lesion.

Hydrocarbons

The presence of squalene might suggest that some sterol
synthegis takes plece in the plague and this hypothésis is
consistent with the faoct that desmosterol, another éholesferol
precursor vwas also found. However, {he bullk of the evidence
on pathogenesis suggests that squalene is probably selectively
removed frowm the blood plasma and deposited in the atheroma with
other plasma lipids. To support this pro?osal there ig the fact
that this hydrocarbon is’known to be present in human blood (1),
gut it is not knowvmn whether it is generated in some active‘site
of sterol synthesis (such aé the liver) or vhether it is of

purely dietary origin.
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The peraffinic hydrocarbons found in the lesion ere much
more difficull to account for since very little is Lnown about
the origin or function of saturated hydrocarbons in man. In an
attempt to account for the presence of n-plkanes in the human
skin surface, Nicolaides (2) fed rats Clé-ocﬁadecane and was able
to demonstrate that some of this labelled material was excreted
unchenged into the skin surface vie the sebaceous glands. Ie
also found activity in fractions other than hydrOCarbons,‘showing
that some octadecene must have been oxidised and then incorporated
into other 1ipids, most likely fatily ecids. Thege results tend
to suggest that n~-plkanes are mot without bioiogical irportance,
This viewpoint wes held by Chibnall end Channon (8), who
postulated that the n-nonacosone which they identified in
cabbage leaves vas formed by the condensation of two fatty acid
molecules to yielé e Iketone which was subsequently reduced to &
hydrocarbon. lore recently Koneda (4) has eccumulated evidence
to substantiate this "condensation" mechanism in a study of the
formation of long-chain hydrocarbons in the tobacco plant, but
has throwm doubt on the existence of a ketone intermediate.

It has been suggeasted (5) that n-nonacosane, the major hydrocérbon

of Bragsica oleracea, is formed by an alternative process:

involving elongation of the common fatty acids. Either of these
mechanisms might account for the plague alkanes which could be

[

formed in situ or could be trensported from sowe other synthetic




site by the blood. Alterna these hydroecerbons might be
of purely dietory origin: however, this is thought to be unlikely

dietary hydrocarbonsg

[

since (contrary to the preseat llPdlﬂ 5)mos
contain an odd pusber of carbon abons.
The presence of cnole'bwowene in the plaque is unexpected
in terms of sterol metabolisu, This steroidal hydrocarbon has
not been icdentified in tissue or indeed in any biological
material, and to involve this compbund in the biosynthesis of
cholesterol would necessitate the postulation of a hiogenetic
route very different from that currently accepted (6). Twro
groups oi workers (7; 8) have however producéd evidence of the
existence of a nonoxidabive cycllsntwoq of sgualene in the
formation of lanosterol and the triterpene oetrahymanol
Barton and lloss (7) have shown that in a cell free yeast system
the cyclisation of squalene is initiated by the biological
equivalent of il resulting in the generation of lancsta-8,24-diene.
This compound is thought to he engzyme bound and hydroxylated to
lenosterol at some later stage in the biogenesis. The cenversion
of lanostadiene into cholegt-5—-ene twould require e mechanism
different from that recognised for the conversion of lenosterol
to cholesterol, and it is difficult to account for the removal
of the 4,4-dimethyl groups in the absence of the 3-oxygen which
is required to activate the process. Hovever, we héve found no

evidence to suggest th@t lanostadiene is present in plaques,




e therefore have to consider other possible origins of

cholest—-b~ene,  There is some evidence to suggest that lipid
meterial undergoes changes after accumuletion in the intimae and
it is therefore possible thatl this hydrocorbon is produced by
N N 4 . N .
reauction of cliolesterol or A -~ cholestenol. Such a reductive
process is known to exist in the ‘intestine wvhere cholic acid is
converted to deoxycholic acid (46), and in atherosclerosis might

result from micro-—organisms infecting the plagque, A more likely
explanation of the presence of this hydrocarbon in the arterial
lesion is that it and the other hydrocarbons identified veré
deposited from the blood by cu infiltration process. In order
to substontiate this theory we exanmined lipid extracts from two
samples of hyperchoiesterolemic humen blecod and using TIC, GIC
end GC-1S were able to identify cholest-5-ene, a cholestadiene,
squalene and e series of n-alkenes (47). These results suggest
that the theory expressed abové is substantially correct.

The cholestadiene characterised in this work is at.present
thought to be a genwine component of the atheromatous plagque, in
spite of the fact that cholesta~3,5-diene isolated by other
workers from brain lipids (9), was considered to be an artefact
pfoduced during chemical manipulations. A corresponding 553’5
diene isolated after distillation of Tall 0il rosin (10) was

shown to result from dehydration of(3 ~sitosterol. Although

the techniques employed by these other groups of authors vere
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much more drastic than those described in our work, the
possibility that this hydrocarbon results from sterol dehydration
has not been ruled out at present.

"Polar Esters"

Although not previously identified in plaqﬁe extracts,
"polar Esters" have been found to be bresent in relatively large
quantities. Bo&d (11) suggested that the 33 - fatty acia esters
of'7CK—hydroxycholésterdl which he identified in blood might be
intermediates in the catabolism éf cholesterol, He further
suggested that TAK ~-hydroxylation of the sterol nucleus, thought
to be an early step in the formation of bile acids, might be
brought about by the enzymatic formation of a hydroperoxide of
an unsaturated fatty acid (12) followed by the transfer of a
hydroxyl group from the fatty acid to the sterol nucleus by an
internal rearrangement of the molecule (see Fig. 63). Such an
explanation mighf apply to the formation of esters of 7ﬁu4qdroxy—
cholesterol found in the present investigation, and also to ihe
esters of 26-hydroxycholesterol identified. A suggestion of the

possible hydroperoxide intermediate of the latter compounds is

given below:-
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me . ~ . ) B T K e ' .
The Iinds of Y"polor esteor' discussed above ere present in
smaller guontities characterised as

cholesterol esgterified with a Lydroxy fabby ccid. Structuresg of
this type are almost coupletely uvnknown in nature and mlwht
constitute an extremely ixporitant group uetuaalically.

Perhops relevant are the results obbtained by Swell end Law (13),

. 14 .
which demonstrated that vhen 4 - C - ¢cuolesterol arechidonate

- . . . 14
wes injected into rats, e considerable proportion of the liver C
L et . o
activity (25~37%) was recovered in the form of acetylatable polar
lipids, On hydrolysis, cholegterol was found to accouwnt for
’ -
of 4 '114 YR U 4.7 LY
655 of their C aetivity and the authoers suggest that this sterol
mist bave been esterified with hydroxy fatty acids.  Although
the esters described obove enpesr from thesv cuthors! resulis
to be more polar than those igolated in our work, they might
nevertheless be related, and together constitute evidence for
a metaboliz vathway of cholesterol not previously recognized.
Hydroxy fatiy acids themselves are not uncommon in nature,
\ /
one of the hest Imowa examples being ricinoleic acid (12-hydroxy—

oleic acid) which males up 90% of the component fatty acidz of
7 i

castor oil (14) end occurs in smaller quantities in other sced

oils (15). In marmals, o ~hydroxy ecids are vell established
components of brain cerebrosides (16), and () -hydroxy acids ere

found in wool wax (17), It wes formerly suszczested that hydroxy

acids were intermediates in the converb1on of gaturated into



ﬁonounsaturated acids, but this theory has bheen showm to he
incorrcet (18): mnevertheless the function oiwg—hydroxy acidsg
in the biqsynthesis of saturated long-—chain fatly acids is well
established (19). It will, hovever, be necessary to elucidate
the structurce of the acids esterified with cholesterol in the
lesion before further suggestions as to origin end function can

be made.

Polar Sterols

The presence of polar sterols in the atheromatous plaque

must be carefﬁlly considered since, with the important exception
of 26~hydroxycholestexrol, each of those identified has been
associated with the air oxidation of cholesterol. The
susceptibility of chqlosterol to autvoxidation during chemical
manipulations is well recognised (20-24): however, 26-hydroxy-
cholesterol, the major sterol in éll plaque éxtracts in our
work, wes not detected in any of these autoxidetion studies.
Fieser et al. (25) examined a large sample of cholesterol wvhich
had been stored in light and air for more than twenty years and
were able to demonstrate a 0.34% conversion to 25-hydroxy- J

Ao

cholesterol, but there was no suggestion of the existence of
the 26-hydroxy isomer. Considering the speed of the present
anelysis, end the precautions taken against alterations of the

lipids, it is thought unlikely that the latter compound is an
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the atheromatous
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artefact. Our idenbilicotion of 4his stere
plague (28,27} has heen recently confirmed by Saith (28) end by
Van Lier and Smith (29} who also regard it as a genuine ond
iﬁportant component of the atherosclerotic lesion.  They were

also able to demonstrate that this sterol is only present in “the

intima of the aorta, and ig absent in medial lipid, again

26-Ilydroxycholesterol has heen identified as a metabolite

of 4 - 014 - cholesterol in in vitro incubations with mouse iiver
mitochondrial preparations (80,81). It has also been shown (31,55)
that 4 - ClA - 26 - hydro cycholesterol is metabolised in vivo
by the bile fistula rat 3 predominantly to cnenodeoxycnollc acid.
Studies on the conversion of cholesterol to bile acids have
indicated that hydroxylation at the C-25 position is the first
step in the degradation of the side chain (82,33). The
catabolisnt of cholesterol by this route is thought to follow
the sequence given in Tig., 64, These results, obtained usipg
rats and mice, may have no rglevance to any metabolic process,
normal or abnormal, taking place within thé human body.  On the
other hand they may be e pointer to the fact that hydroxylating‘

enzymes exist within the liver, and that hydroxycholesterols

produced at this site could be released into the bloodstrean

end hence deposited in the aorta by an "infiltration" process.
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An alternative theory would be that hydroxylation takes place
after the deposition of cholesterol and its esiters in the artery
wall, At present we have no resulis bto favour either of thesg
hypétheses.

| " The existence of & toxic factor within the artery wall
has been postulated to account for the necrosis which is common
in advanced plaques (84). MacDougall et al. (85), in a study
of the effects of one hundred and three corpounds on animal
organ éultures, have demonstrated that thirty-six steroids
exhibited toxic effects. Cf these, four were found to be
"highly" toxic at the microgran level, viz.‘5ci—cholestane—

3B -o1, 5k-cholestanc - 3B ,5;6(3 ~triol, 5ck-cholest~T-en-3f3-o0l
and 26-hydroxycholesterol, Toxicity was Judged bj histological
and histochemical criteria and the four compounds mentioned
ebove were shoim to cause gross derangement of the stfucture

of the cellg in the artery wall. These results suggest that

it is possible that 26-hydroxycholesterol may be involved in
the necrosis found in most of the aortas examined in our work.

74Ketocholesteroll(3B-Jq@roxycho1est—5—en—7—one) was

found in all extracts exemined but its concentration relative to
26-hydroxycholesterol faried markedly. Since this compound is
not'much more polar than cholesterol it is possible that a certain

amount might have crystallised out with cholesterol during the

concentration of “polar” sterols, This theory is becked by



the fact that T-Lziorholesterol was detected when these same
cholesterol fractions were examined by TLC on silica gel
impregnated with silver nitrate, in a search for unsaturated
monohydroxy steroids,

This ketosgterol is one of the most frequently encountered
autoxidation products of cholesterol (28). It has been detected
as such or as its dehydration product; cholesta-3,5-dien~T-one, in
aortal sterols (87); in swine and bull testis (38); in sheep wool
sterols (89) end in hﬁmaﬂ urine (45). Doubts have however been
expressed ehout the authenticity of this corpound as a natural
sterol. Results have been recently obtained'which show that in
rat liver at leost, 7~ketocholestérol can be formed enzymatically
(40) end a possible metabolic role in the in vivo formation of
bile acids has been demonstraved. It is therefore possible that
this sterol has some metabolic function in the human stherometous
lesion or other site in the human body, and should not necessarily
be regarded only as en artefact of cholesterol.

It is also necessary to consider the possibility that
7-ketocholesterol is an artefact of enother sterol or sterol

ester and two such hypothetical compounds are as follows:-
@)

HO N0 HO
OH
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Lile kaetocholesterel,-Tﬁinhydroxycholesterol has uwntil
recently only been discussed in terms of the autoxidation of
cholesterol, Llecent observations have shown however that
7E5—hydroxycholesterol (like its TcA-cpimer) can be foréed
enzymatically in rat liver homogenates (40).  7C{-Hydroxy-
cholesterol was first identified in ox liver (41) and since then
has become widely accepted as the first compound on the main
metabolic pathway of the conversion of cholesterol to bile acids
(42, 43). Although we have not yet been able to demonstrate free
TAA -hydroxycholesterol in the atheromatous plaque, its tentative
identification es a mono fatty acid ester in the "polar esgter"
fraction supgests thot & closer iﬁvestigation of the sterol
fraction is warranted.

Very little is Inown about the metabolism of
5circholestane—3§3,5,6@ -triol, the other 'polar" sterol
identified in pleques. In o recent experiment (44) this
compound was fed to rats, and was shown to be ruopidly metabolised
to bile ecids as well as to neutral compounds,. Toxicity under
these conditions,however, eppeared to be lov.

So far in this discussion we have sunmarized the very
limiﬁed existing knowledge on the metabolism of the compounds
identified in our work, mainly with respect to their function in
sources other than the atheromatous plaque. Ve must nowv con;ider

their significance‘in this context in the light of the findings



to date. Tt is dwportent to vealize fron the start thet not
all of these substauces need fit into one gcheme and indeed it
is believed by most workers that the 1ipid material which we have
exained results from the culmination of several processes.
According to several authors (48-5C) atheromata result
from the perfusion of blood lipids into the artery wall where
they incite a reactive proliferetion that ultinately results in
the pleqgues of atherosclerosisg. 4 thus seems possible that
meny of the compounds which we have identified might have resulted
from the alteraiion of blood lipids after deposition in the
arterial intima. This generaligation might iot epply for instance
to squalene, cholest~b-ene and chélestadiene which have also been
shown tc be present in hypercholesterolemic blood (47}. On the
other hand these hydrocarbons could have been formed in the intima
and "leached" out by the blood flowing through the lumen,
Formation in gitu would seem to be the likely explanation
for the existence of hydroxycholesterols in the plague, since
there is little evidence for thig type of éon@ouﬁd in human blocd.
Esterification of the diols thus formed would produce the '"polar
esters"; alternatively these esters could have been formed
directly from the normal cholesterol esters by enzymic
hydroxylation.

Although estersvof T10{-hydroxycholesterol have been shown

to exist in hypercholesgterolemic blood, no mention has ever been
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macde of esters coumposed of cholegterol end a hytroxy fatty acid
which were found in the present ianvestigation. It is conceivable,

however, thet these compounds could have been overlooked by

pede

earlier workers, in view of their close chromatographic $imilerity
to esters of TO\-hydroxycholesterol, It seems likely that if
thege rather uvnusunl cesters of cholesterol are present in blood,
they cannot be the predominant type in contrast to the present
findings in the plaque.

At present we consgider that most of the compounds
identified in our work are notl involved in the initial plaque
formation, but that they might be intimately concerﬁed in the
degeneration of the erterial inﬁima, which is a feature of the
late steges of atherosclerosis. The rupture of the intima
overlying the lesion has been suggested (84, 51) to initiate the

formation of thrombi wvhich may prove fatel when they occur in

smaller vesgsels, such as the coronary and cerebral arteries.
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The proeposed scheme of future work can be divided into
three grouwpg:-
1.7 Completioh cf the identification of compounds being studied
ot present.
2. Vork on fractions or perts of frqctions riot yet exomined.
3. A corparctive study of different itypes of plagues
characteristic of earlier étages of the disease and possibly

an examingtion of plagues in sites other than the aorta.

Groun 1.

(a) hydrocarbong:— It is propbsed to examine the alkanes fouud
in the plague by GIL and GC-1S after separation of straight end
branched chain types either by molecular sieves or by complexing
rith urea. The identification of cholest—5—ene will be completed
by obteining a mass spectrum of the ketone produced after
igomerisation of its epoxide with boron trifluoride in ether.
York is in progfess to collect enough purified cholestadiene to
encble its optical rotation to be measured, which should aid the
assignment of the double bond positions.

() "Poler esters":— The outstanding problem in this group of
esters is the identification of the major pair of isomeriC'hydrox&

fatty acids which are esterified with cholesterol. Nov that the

molecular weight and the probable position of the hydroxyl group
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are Imown it remocing to
“the position of the
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propionate derivatives has been abandoned because of their poor
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Sterols closely related The use of

mess spectral behaviour and inconveniently long GIC retention

times, Recent worl: with T.31i ethers on gilver

ed]

nitrate impregnated

TIC pletes has shoim that these devivatives generally

unsuitable, owing to

~the layer.

wr

Work with

trifluworcacevates has however proved more successful and has

It is

enabled the identification of 5Cchholestanf8ﬁ3»ol (52).
intended to extend the method to look for other sterols such as
desmosterol.

(d) Polar sterols:— Vork is in progress to confirm the

0

identification of 25-hydroxycholesterol by oxidising it to

3-ketocholestanoic acid.

Group 2

(a) Interesting compounds of chromatographic polarity jntermediate
between "polar esgters'" and triglycerides have appeared in several
extracts end it is intended to isolaie these substances by
preparative TLC and to attermmt to determine their structure.

() Previous investigators (53) have made tentative
identifications of minor lipids such as glycerol ether diesters

in pleque extrects eand have suggested the possibility of several
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other types of lipid with mobilities betweenbthose of
triglycerides. and cholesterol esters. A re—examination of this
chromatogrophic region might therefore bhe fruitful, A recent
commmication (54) on the isolation of cholesterol hexadecyl
ether (slightly'less poler than cholesterol esters on TIC) from
bovine cardiac muscle has provided another new lipid type which

may elso exist in the human atheromatous plague,

Growp 3

An extension of the work oﬁ the chemistry of the
&theromatous plaque should incluaé examination of more than one
type of pleogue. TFor ingtance, hard fibrous plaques and early
fatty types should be closely studied for qualitative end
quantitative differences in the minor components identified so
far in the late soft ulcerated lesions.

It would also bhe useful to examine hypercholesterélémic
blood withbspecial reference to "polar esters" and to determine
whether it contains the same range of esters as found in the
plaque, or whether thig is only ome such type, viz. the

7o\-hydroxycholesterol esters as described by earlier workers (11).
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APFRIBIN 1. CLROLATOET RIS
Table 18 TIL  GF  SYEROLS

DATA,

Solvent systems— chloroform : ethyl ncebate (3:1 V/v)

adgorbenti~ 1IN - Kieselgel G-IR,

N

COLCUR HEACTION

COLPOUD RF Y ITH
-CERIC SULPHATE

cholesterol 0.65 mareon
cholestanol 0.65 pink
desmogtercl 0.64 dark browm
7 - ketocholesterol 0.38 pale yellow
240k~CH cholesterol 0.45 browvn
25 —~0H cholesterol 0.33 dark maroon
23 —0H cholesterol 0.30 maroon
5Ch~cholestane —3f3 »5,68 ~triol 0.02 light browm
7@ -0H cholesterol 0.18 blue
7k -0H cholesterol 0.16

blue

[eal



) T WL T I gt s T e
Table 190, TEL CF BUSLOL 151 OTITns

R e —— - =

[ag L :

Solvent systemi—~ lheuon beazene (2: v/'v}

)

COLOUR HIACTION

‘BoA-cholestane ~5,6(A-diol (bis)

COLTOUND Ry WITH
CERIC SULPHATE
cholesterol 0.58 maroon
epicholesterol 0.80 red-browm
cholestansl 0.58 naroon
desnmosterol 0,55 dark brown
TCA-0H cholestersl (bis) 0.53 blue
1@ -OH cholesterol (bis) 0.16 blue -
24GA-0H cholesterol (bis) 0.47 dark browm
25 -0H cholesterol (bis) 0,47 browm
26 -OH cholesterol (bis) 0,35 maroon
5Ch~cholestane —3f3,5,6B ~triol {bis) 0.13 light browvam
5ck-cholestene -3f,5,68 ~triol (tris) 0.75 light brova
5ck-cholestane ~5,604—diol (mono) 0.34 maroon
0.77 maroon

Co



0y

Catt O

COMPOU | ty I
cholesterol TE1 2.88 3090
epicholesberol TSi 1,74 2085
5ch~choles anawugmol TS 4 : 2,44 3095
desmosterol T3 2,50 8115
T~dehydrocholestercl TilSi 2,605 3125
Lanosterol TiSi | 3.5 3236
24-dihydrolenosterol TS : 8,85 8215
g4-ltetocholesterol TiSi 4,30 32565
T-Letocholesterol TLSi ¥ 5,10 3225
B~0H cholesterol bis-TSi X 3.68 3220
0-0H cholestersl bis-T3i X 2.62 3120
24~0H cholesterol big-Ti8i X 5,42 . 3370
95-0H cholesterol bis-T8i X 5.69 2385
26~CH cholesterol bis-TiSi ¥ 6.75 - 84830
&0i-cholestane-3fB,5,68-triol bis-TSi ~ 5,01 3320
&d-cholestone-8B,5,88~triol tris~-TSi 8,60 3220
E¢f~cholestone~5,60-4iol mono- &[Si 2.86 8140
Ef-cholestone=~5,80~diol bis-Ti81 T 2,55 3105

Vhere tP = yetention time relative to cholestane

.

end I = retention index.

X Bimilar retention valuves h@ve recently keen recorded for these
icr and L.L. Swith, Anal.Biochem,,1850,81,419,

cormounds by J.E. Van L ;



Teble 21 GIC O BuillL PROPIOFATES

o i o
(1% su-20y 225 C)

COLPOUD Ty | I
cholesterol propionate 4,05 3250
desmosterol propionate 4.35 32890
cholestanol propionate 3.95 3230
coprogtanol propionate 3.28 3185
24—dihydrolénosterol propionate 5,80 3370
lanosterol propionate 6.42 - - 3405
T-ketocholesterol propionnte 8.04 3480

#R =  yretention time relative to cholestane

I = ryetention index.



2.71
FIGUK3. 65. TIG OP STPPOL xPSi STIISBS .

A B C D E F G H

A - cholesterol; B - 5C("Cliolestane-5,6c¢"-diol (mono and bis);
C - 70L-90ll cholesterol (bis); D - 70-OH cholesterol (bis);

H - cholest-5-en-~3c{”0l (plus more polar impurity) ;

F - 25 -OH cholesterol (bis); G - 26 -OH cholesterol (bis);
II ~ 5~cholestane-3p,5,6|3-triol (3,6-bis).

solvent:-, hesane:benzene (2:1 v/v)

spray*- 1§ cerio sulphate in 10$ sulphuric acid



FIGURE 63 TIC OF STEROL TT-Si ETIE

QHEHAQm»

5(X-cholestane—3"j 5763 -triol (tris mainly);
S5c”-cholestane-3{3j5?76(3 triol (bis mainly);
cholesterol; D - desmosterol;
50”-cholestaiie-5,G¢cA-diol (mono);

7~ -OH cholesterol (bis) ;

23 - OH cholesterol (bis).

solvent;- hexane;benzene (2;1 v/v)

spray*- 1§ eerie sulphate in 10$ sulphurio

acid

272



\PIT )TIZ 2

FRAGENTATION OF STTROL TVSi BTHINS .

The principal ions in the mass séectra of sterol
TiSi ethers examined in connection with the atherome project
are tabulated below and the gource of some of the general
fragments has been indicated. Some of the spectra on the
other hand pozsess unigue fraguents and the poséible structure

of some of these has been discussed separately.
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Cholest—Suean£L24ﬂdi03 (2408~ ety uIO’”ChO sterol)
AR =

The spectyum of the bisg-~TlI81i ether of this cormpound
(fig. 40 page 182) contoins on importent fragment at m/e 145
thought {to be dus to un CA —cleavage of the side-chain ether

group as showm below:-

-< QU + }OS{M@3
| ~

(}bu\qe

o 3 m/e 145
The alternative CA~clecavage at C -~ C_. involves the loss of

24 25

an isopropyl growp to give an ion at m/e 563, Loss of
trimethylsilanol from this latter ion results in o peak at
m/e 413. These two propm;ed 10"380; are affirmed by metastable

peaks at 463 (546 ~> 503) and 339 (503 -»413).

Cho lest—5-—-en-8f,25~diol ( 25-hydroxycholestero 1)

The base peak in this spectrum (/e 181) can again be
explained by postulating an cf —cleavage of the side chain

and C as is shovm below:-

between C o5

24

mje 131



1253 ethexrs of sterols containing p 6-hydroxyl groun.

-’;J

The trimethylsilyl ethers of four compounds containing
a 6-hydroxyl group have been studied by GC-1S, and ell give a
characteristic fragment at :n/e 321 which has ﬁo-b yet been
assigned. It is hoped that worlk with deuterium-labelled

TSi ethers will allow the solution of this problem,




Mess snectroel freoasntabion of cholestanes.

The mass spectra of all of'the cholestenes studies show
an abundant moleculer ion P(m/e 370) end a fragment at
m/e 855 (P - 15), due to the elimination of an engular methyl
group from the molecule. Tach compound examined gave ions at
m/e 257 and m/e 215 due to the loss of the side chain and the
side chain pluz 42 mags units from ring D respectively, as is

shown below Tor cholest—8—ene

- PR

.o

m/e 257

m/e 215

Cholest—~5-ene was the only cholestene examined which gave
a significant fregment at w/e 275 (P - 95) which is thought tc; be
due to the loss of ring A plus an angular methyl group.  Another
ion characteristic of this compound is found at m/e 301, It is

possible that this results from the elimination of part of ring A,




279

but theve is no evidence for this other thon the fact thet it

also occurs in the woss spectrum of cholesterol (cholest—5—en~ﬁp-sl).
As has been elresdy stated (page 140), cholest~2-cne gives

a wnique frapgment at m/e 216 due to the loss of the elements of

butediene by a retro-Diels-Alder mechanisa, Elimimation_of the

gide chain (CB H17) from the icn of m/e 216 gives a freguwent of

m/e 203 also éharacteristically'prepondérant in the spectrum of

cholest-2~ene.




Fromuentation of cholegtp-8,5~diene.

A

The riass spectrum of cholesta~8,5-diene (Fig.18 ) shows a -
high intensitj'molecﬁlar ion at m/e 238 aund an ion due t§ loss of
an angular wmethyl group at m/e 353, The losgs of the éide-chain
and the side chain plus 42 mass units from ring D gi%e fraguents
at m/e 255 and 213 respectively. The fragment at m/e 120 is
thought to result from a retro-Dielg-Alder reaction of the

following type:-
\"‘"+a B -—-l-—@
— A m/e 120.

This process results from the rupture of the C7 -~ C8 and the

Cg - C10 bounds and with transfer of two hydrogen atoms also
gives the ion at m/e 247 vhich is found in the mass spectrun,
I seems:likely that wm/e 145 results from a fragmentetion of
the type showvm helow:-

_ _ . - -

R |+e +

'-_ H | 3 l'

However, this remains to be proved.

l.

4o
m/e 145
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FPIGURE 67. ASS SEFICTRIL. G0 e5-IIdHRCXYCHOLE ‘Tl"i CL DIACETATE.
: . 426
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Sources of Reference Compounds

50(-cl1olesta.n-3ﬁr-ol

desmosterol
24~-ketocholesterol

24-hydroxycholestero 1_)

7-dehydrocholesterol h

lanosterol

dihydrolanosterol

26-hydroxycholesterol

epicholesterol
7-ketocholesterol

7K -hydroxycholesterol

7 ﬂ ~hydroxycholesterol
/
5 ~cholestane-5,6cX —diol

50k —cholestane-3(3,5,63 -triol

cholest-2~ene

cholest—-5—-ene

British Drug Houses, Poole, England.

Dr. G.F. Woods, Organon Laboratories,

) Newhouse, Scotland.

Koch-Light Laboratories Ltd.,

Colnbrook, England.

Drs. H. Danielsson and J. Sjovall,
Karolinska Instituet, Stockholm, Sweden;
end by synthesis from . '

Lkryptogenin (Koch-Light)

?by synthesis from cholesterol

by synthesis from cholesterol chloride

Steraloids Ltd.,

Croydon, England.

- Ikapharm, Ramat-Gan, Israel.



cholest—3-ene
cholest—-4—-ene

cholest~8(9)~ene

cholesta-3,5-diene

squalene

Fatty Acid Methyl esters

Dr. P, Bladon,
University of Strathclyde,

Glasgow.

Applied Science Laboratories Inc.,

Pennsylvania, U.S.A.

' Calbiochem, Los Angeles, U.S.A.

Applied'Science Laboratories Inc.,

Penngylvania, U.S.A..

2856




"PHYSICC-CHEMICAL TECENIQUES IN THE STUDY OF

ORGANIC MOILECULES OF BIOLOGICAL IMPORTANCE"

G. STEEL 1969
A SUMMARY '

The work described in this Thesis consists of a study of
the lipids present in the fatty nodules (plaques) which occur‘
during the fatty degeneration of the human aorta associafed with
the disease atherosclerosis. For many years studies of the;‘
chemistry of these lesions have concentrated on the major classes
of lipid qonstituents, viz. cholesterol, cholesterol esters,
phospholipids and triglyceridesz. the minor lipid.groups have
been largely neglected. Ve have attempted to remedy this
omigsion, since quantity is not necessarily a measure of Biological
significance. |

Early studies on the subject were severely handicapped by
the absence of suitable techniques for the separation and
identification of microgram quantities of material and as a result
had to use large quantities ofvtissue requiring, in some cases,
several years for collection. The necessarily prolonged nature
of these investigations introduced the possibility of gross
artefect formation and cast doubt on the authenticity of certain

compounds identified as arterial constituents.



In the present -wort, thin-layer and gas-liquid
chromatography (TJX and GLC) and gas chromatography-mass
spectrometry (GC-iS) were used to enable ecach investigation to
be restricted to plaque tissue from one aorta. Lesions from
severely diseased aortas were dissected and solvent extracted
within 24 hours post mortem. Division of the extract into its
major components was effected by column chromatography on silicic
acid. Repeated crystallisation of the sterol fraction from
methanol enabled the concentration of several sterols ehromato-
graphically more polar than cholesterol. The most prominent of
these was tentatively identified on the basis of its chromato-
graphic behaviour as 26-hydroxycholesterol (cholest-5-ene-3jS,26-diol),
a previously unknown tissue constituent. Confirmation of this
structure was obtained by GC-MS, making use of the ability of
trimethylsilyl ether derivatives to promote characteristic mass
spectral fragmentations. Using a similar approach,
7-ketocholesterol (3(3 -hydroxycholest-5-ene-7-one);
7(i-hydroxycholesterol (cholest-5-ene—3j3>7j3 -diol) and
5(X-cholestane-3[3 ,5,6(3 -triol were confirmed.as constituents of
this fraction as had been suggested by earlier investigators.

Examination of the hydrocarbons, which had been neglected
by previous workers, revealed that the major component was the

isoprenoid hydrocarbon squalene. The initial identification was



made by TJX, GLC and GC-MS and was corroborated by infrared
spectrometry. Preparative TLC on silica gel impregnated with
silver nitrate enabled the separation of two unsaturated steroidal
hydrocarbons, later shown by mass spectrometry to be a cholestene
and a cholestadiene, from a series of n-alkanes. Hydroxylation
of the cholestene and GC-123 of the resulting diol in the form of
the trimethylsilyl ether derivative has established that the
compound present is largely cholest-5-ene. Work is in progress
to determine the double bond positions in the cholestadiene.

TIC analysis of silicic acid column eluates of polarity
intermediate between triglycerides and cholesterol revealed the
existence of several unidentified esters which were further
purified by extensive chromatography. Acetylation demonstrated
that these esters contained unesterified hydroxyl groups. The
principal neutral compounds generated on hydrolysis were shown to
be cholesterol, 26-hydroxycholesterol and 73 -hydroxycholesterol.
The presence of the latter two sterols was not unexpected:
however, the identification of cholesterol as a hydrolysis product
necessitated the postulation of the existence of an ester of
cholesterol with a hydroxy fatty acid. TIC and GIC studies on
the fatty acid portion of the molecule have confirmed this and
GCMS examination has shown that the major compounds are isomeric

C}(()) - monohydroxy acids each with two double bonds,



TLE of sterol fractions (as propionate esters) on silica
gel impregnated with silver nitrate has permitted the separation
of desmosterol from an overwhelming mass of cholesterol. The
relatively unsatisfactory behaviour of sterol propionates on
GLC and GC-MS has led to the preferred use of trifluoroacetates.
Using this approach we have been able to identify cholestanol in
plaque extracts.

It is difficult to assess the significance of these
findings in relation to the development of human atherosclerosis,
as only one stage of the disease has been examined. However,
the methods developed will form the basis of a further
investigation which will involve the study of plaques at various

stages of evolution in an attempt to relate chemical changes

within the artery wall to the pathogenesis of atherosclerosis.



