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The association of atheroma with 1lipid deposition bhas been
observed by workers for were than balf a century and the intreceliular
presence of much of this lipid within macrepheges in tho lesion has
suggested shat these sells may pley a part in the depesiticn or re-
woval of such lipid, The work weporied in thia thesis iz concerned
with eng aspect of this pessibility, nusely the synthesis of lipide
by macropheges end deals with the incerporation ef verious radio-
active metabolites into the lipids of rebbit meeraphages. These
experiments weve carried sut using inteat csllis ineubated ju vitre
and represent the first stage of an imvestisetion inte the synthesis
of 3ipid by wacropheges. Evidence will U presented that theae cells
are able t0 synthesiee lipid and information concerning the iaolation,
jdentification and quantitation of the lipida synithesinzed will be
deseribed,
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Maerophuges cbtained frew the periteneal cavities cf rabbite were

o o

incubated wits various substrates as lisied below in erder te

investigate the synthesis of lipid by these cells.
o. Sedim pelmitate=3-''C

“@-lakelloﬂ sodiun palmitate-albumin complex was taken up by
macrephages and incorporateé inite the Lipid fractiom eof the celle. Up

e 915 of ihe MY

C~labeiled sedium palmitate cdded to the ineuwbation
wedimm wis taken up by the maerophages. Mast of this was converied
to triglyceride and phespholipid, but a small amount was comnverted to

cholesterel esiter and to mono~ end diglyeeride,

It was shewn that the upiake of tripslmitin emulsion by meaerophéges
was sepsplated with 1ittle incorpovation of the labelled fatty ecid por—
tion imte sther fatty aclé eseters, alithough in some prepaerations the
phospholipié fragtien did become labelled,

e | L

e Asetatei= €

Ingorperction of codium auht&-ﬂ-mﬁ into mecrophage lipid was
observed, ithe epoeific setivity of the shelesterol labelled being ten
to fifteen itimes that of the fatty aeid, Fracticnation of the
labelled 1ipid demenstreted the incorporatien ef ''C-labeiled acetate
inte chelestercl, cholesterel esier, triglyceride, menv~ and diglyeer—
ide and phuy&olipid. The importance of Lipid synthesis by mzere~
phoges was indicated by the convewsion te lipid of 27% of the scetate
token up by the macrophages, Of this, 70-80% wes incorperated into
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the ne:zsapenifisble fractiem, 20-30% inte fatty acié end approximately
19 inte lipid glycerel.

The fatty ecide labelled from am@a@e-l—“@ by macrophages were
inj.ﬂ%i;&t-d by gos yhase chrematograyhy. 37.3% of the wﬁ-laﬁcueé
sceiote was incorperated imte pelmitic acid, 18.4% inte sleic seid and
smaller amounts inte myristic, gtearic ond lineleie acid. The speci-
fie aetivity of myristie acid woe high relative tu paimitis ecid, but
that of stearic seid and oleic secid similar to that of paimitiec.
Linoleic acid was enly labelled &t leow epecitie activity.

S

Signifioant mcorporntion of *F inte the phosphelipid of
mecrophagoe cecurrsd, Fragtionation of the lebelled phospholipids
demonstrated that lecithin and sphingomyelin were wost beavily lebel-
jed, but appreciable fpeorporetion inte phosphatidyl ethavolomine and
inesitel phosphatide elae occurred., The concurrent uptake of
chelesterol by the macrophages stisulated the ineerporation of 2p
inte total phosphotipid, This inorcased ineerporation wos shared by
all the phospheiipids 1abelled and was net due te speeifie imersnse in

any psriieular irsation,

B
Apprecisble genversion of glneme-—i-u‘ﬂ inte macrophege iipid
was sheuz 4o geour, Fractionation of the labelled tipid demonwtrated

ineorporatien of 4 woinly inte trigiyceride and phesphelipid with
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only small emounts of chelesterol, mono~ and diglyceride being

labelled, Of the gﬂucnvﬁ*}’

% converted to lipid, G4-06% was
preaent in the 1ipid glyeersl molety, 4-GF bsing incerpsreted inte
choleatere] and fatty acid, The incorporatien of gﬁwewl-m{s’ e
1ipid varied from 17.% te 3%.8% «f thet incerporveted inte all cell
components; in additien mere than half the glucose was oxidised to
“cag by meerophages.

The vesulte were diseussed in velation te the rele of macrophages
in the syntbesis of lipid in the srtorial wall, It wes concliuded that
masrophsges might infiuence the deposition and wetabolima of lipid in

this cituatien,
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There sre several possibilities whioch have been suggested to
account for the presence of lipid in the srteriel w»sll in atheresclere~
pis, Ferly investigations {Page 1954; Weinhouse and Hirsch 1940),
bhave shown o similar ecomposition e¢f nerum lipid and piaque lipié sug-
gesting that lipié in the plague erises by infiltretion {rem the blovd.
But when more refined metheds for lipid emnlysis beeame available it
was apparent that the compesition ef lipide in atheramatous lesions
a18%ered fvom blood lipid, partieularly regerding the fatty seid eom-
pesition (Swell, Field, Sehools and Tresdwell, 1960; lHotteher, Wood-
ford, Ter Usar Fomeny-Wachter, Beelsme-Ven Houte and Vem Gemi, 19603
Zilversmit, Sweeley and Newman, 1961). Therefore the infiltrating
serum 1ipid wust have been metabolised in sewe way during the process
of depesition, Alternetively the lipid may have arisen by synthesis
in the erterial wall itssif,

ihere ie svidemee that lipid is synthesised in the arterial wall
in vitre (Losmeijer and Van Dor Voen 1962; Lassarini-fchertson 1962;
Stern and Stein 1962; Zseldes opd Heinemann 1963; Hellsnder 1963) and
alec that 1lipid can be synthesised ip vive im ihe arterisl wall
(Chernick, Srere evéd Chaikeff 1949; Asarmeff 1958}, In eddition it
has been shewn thet phospheiipid secumulates in experimentel and bumen
ctheresciercsis am a result of synthesis in the lesien rether itham in-
¢iltration from the bleod, (Shore, Zilversmit and Ackesman, 1935;
“4lversmit onéd McCandless, 195%; Zilversmit, MoCandlecs, Jerdan, Henley
énd Ackerman, 1961},



1z humen atheroms macrvophages centeining lipid material ave @
constant feature of the lesion, aithough they way nmot be present in the
carliest lesion. They ere sisc preminent in experimenial athereselero~
sis ané it can be shown in this condition that they cemtain wneh of the
1ipid present in the sffected arteriel wall (Apitschkow 1913 end Duff
1935).

The presence of lipid within

lesion together with evidence thet iipid is metobolised by theee cells
(discusesé loter) suggects that macrophages wmay play sowe role ir the
depesition or removal of lipid in athireselercsis. There are three
possible wuys by which msurcphages may influence suech é-po;itln or
removal of 1ipid in the arterial well.

i. Uptake of idpid or Lipspretein by maercphages.

o, letabolie changes ¢f thie ingesied lipid by maerophagee,

3. Synthesis of iipid by meerephages.

Another altesmative is that macrophages may ingest lipid at sede
site distant frem the artery and then carry it inte the arterisl wsll,
Leary (1949), end Gordon (1947) bave suggested that the macrephages
ip the lesion arise as Kupffer celle (hepatie reticulo-endethelial oeils)
in the liver end transport lipid frem thia site o the arterial wmall.

The depesition of lipid filled bleod magrephages on the arterial
wall iu cholesterol fed rabbite hos been confirwed by Rannie end
Dugvid (1653}, They suggesied that as the lesion developed the
maerophages were covered with endeibeliwm and the lipid became pert of
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the atheromatas plaque, Poole and Florey (1958) demonstrated the
passage of macrophages across the aertic endothelium in cholesterol
fed rabbits but it was not possible to show in which directien the
cells were moving, Simon, Still end 0'Weal (1961) and Still and
0'Neal (1962) showed by electron micrescopy the accumulation of lipid
filled macrephages in the sub~endothelial space and penetrating the
endothelium in rats, There is however much evidence (McMillan and
Duff 1948; Kuntz and Sulkin 1948; Simonton and Gofman 1951), that
"foam cells” i.e, macrophages arise in situ, rather than by migration
from the bleed,

The further pessibility that the lipid present in macrophages in
atherosclerotic lesions might arise by synthesis of such 1ipids by the
macrophage itself.forms the subject of this thesis, The experiments
reported later although e-nccrxicd with the physiology and biochemistry
of macrophages in vitre ecarry the implication that such changes may
occur in vive in the arterial wall snd so may inﬂ\;ance the lipid pie~
ture of the arterial wall in atheroma,

On this background, I will turn now to consider the macrophage
system in its physiological and biochemical aspects, and in particular
those aspects which relate o 1lipid metabolism, These considerations
will form en immediate background to the experiments deseribed subse-

quently in connection with the synthesis of lipid by these cells,



One of the primary physiologieal roles of macrophages is the
phagecytosis of particulate material and substances foreign to the body.
The phenomenon of phagoeytosis which is characteristic of amoeboid feed-
ing, was recegnized in certain cell types ¢f a variety of animals by
Metchnikof? (1905)., He suggested that digestion and phagocytosis of
particulate matter had evoived from a feeding mechanism of unicellular
organisms to beceme an important part of the defence mechanimm of the
more complex animal bedy, Later, Aschoff and Landaw in 1913 suggested
that the widely distributed mesenchymal .¢ells present in the body end
which are capable of taking up and concentrating vital dyes be grouped
together and defined as the "Reticulo-Endothelial qut'eu" (see Aschoff
1924), A detailed description of the reticulo-endothelial system will
not be given heré, but brief descriptions are considered in text books

of pathology (Payling Wright 1958, Florey 1958),

The ratienlo-endotﬂelial system is concerned with the phagecytosis
and destruction of invading micro-orgenisms and also plays an important
part iu the production of immunity responses (Payling Wright 1958;
Marshall 1956), These aspects are irrelevant te this report and will
not be discussed.

Among the many metabolic functions attributed to the reticuloe-
endothelial system is the removal of damaged red bloed cells from the

circulating blood. It was once thought that reticulo-endothelial cells
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pheagoeytose erythrecyics at the end of their life span mt it now
ceems 88 though the majerity ¢f eryibroeytes Lammelyse in the circula-
tion and emly the debris of these ceile &rz remeved by the reticulo~
endotheiial system. In 19504 Ribbert sheowad ihet reticule~endetbelisl
cells could teke up iipid ané iren ee well ss wiere-ergsnimms emdé this
gshed new light on their riorege eapecity., In certsin hyperlipsemic
conditions the macropheges inecrease grectly in sisze, ﬁﬁcm filled
with iipid dreplete and eesuire a fosmsy sppenrance (Thennbauser 1_958).

¥hen inert mﬁreﬁu is ioken up by cells of the retiemlo~
endothelial sysiecm the material (susk as carben) remains unchanged
intraecellularly for seme time., This ir neticesble with Indien Ink
partieles deposited in tntma.r it ig poseible bewever that such
partisles may be moved from one aite te anether by migration of
mezrophages which may ieave the bedy altegether, It has beon demon-—
strated foy exemple ithat macrepheges laden: with carben particles are
eliminoted via the sputum (Guensel 1932).

After Ribbert (1904) dewcnstrefed the ingestien of fat by
retiouie~endothelial cells, cther autheors reported the sceurrence of
fat dreplets in reticule~endothelial cells of buman liver and spleen
{Pischer 1912; Landau and kMeNee 1914 and Kusunoeki 1914}, These
findings were theught to he evidemce of ahnormal 1ipid metabolimm, bat

fat hos been found deposited in the Eupifer cells of normsl amimais
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(Gi1bert ané Jomier 1908; Arndt 1923) end in the reticulo-endethelisl
cells of iymph nodes in dogs (Slotwinski 1929), Sherringten (1923)
damonstrated ile uptake o¢f olive oil dreplets by alveelar phageeytic
cells while Saxl snd Demsih (1925) ebserved the upteke of injected
triglyceride cuuleions in all partd of the retionle~endeoihielinl system,
Jaffe and Borman (1628) slse deseribe the upteke of triglyceride iy
Fupffer eells in the liver of degs and radbite., Chylemieren fat ;
ixmnr)u- nat talkem up by the Kupfier sells vhereas artifieial
emizione vare (Murray and Treemen 1951). Triglyeoride emmlsions )
when injocted intraperiteneally cre take up by the reticlle-
 endothelial evlls of the regiensl iymph uedes in the therax (Fronch
and Morris 1969), Day (1960 a, 1961) has dmmenstrated ihat macre~
phagos incubsted ip vitrs w11l ingest triglyseride swmlsiens mers
reedily thsu ohylomisrsn fat,

It isw known thet fime suepensions of cholesterel or c¢holesterel
ester ave raadily taken ur by cells of the retionio-sndethelial
systez, (Hirseh apd #cinheuse 1940).  Tenphine (1946) showed that
subcotaneouns injeciions ¢f cholestivel resulied in the dspesition of
eholosterel as acioulay crysials waleh are ativasted teo ihe surfiscos
of the wacrephcges. he pestulated that the aciewlsr eryatals are
sonvorted te cholestercl asters whieh then enteved the evll and that
this eaterification occuwrrsd ot the eull surfoce and net in the fater~
spocen. Towpkine eoncluded that the cells of the retieuie-endethelisl
gystes roset te cholesicrel in ene wey shen it is presentod ixn solid

forw and in enether when it is given as & celleidel suspemsion, It
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is ir this latter form that cholesterel is removed from the
modified by the reticulo-endothelirl cells and then returned te t.
bedy fluide.

French and Morris (1966) demenstrated that the upteake and stor—
age of @hﬂlll%’ll'.l and cholesteryl eleete by the retienlo-endotihelial
cells in lyaph glemds in the zat fellow the same patitern deseribed for
nen-toxic fereign particles zueh as carbon, zelleidal irem and trypan
blue, They obeerved that the initial uptake occurs predominately in
the free macrophages and retieular cells of the marginel ané certical
part of the intermediary sinmsen, Fellowing up these cbesrvations
Day (1960b) cbserveé the uptake and subsequent removel frem sternal
lymph nodee of suspsnsiens of cholesterel znd varicus cholesteryl
esters injected intreperiteneally inte rete, Uaing more refinped
chemical analyses he shoved ihut chelestersl was removed mere rapiély
from the nedes thar had been indicated carlier by histelegicel cbser-
vations., Moveoover, ithe uptake of chelesterel and cholesieryl sleste
also resulted in scewmulation of phesphelipids and total eosterified
fatty acids in the nedes (Dey 1960b).

Eupffer colls of the vat were foundéd te contnin chelesterel
within six hours after the oral sduinisgiration of e chelezierel sue~
pensicn (¥Frieduan, Byers and Hosenmun 19%4). This amount increased
with time ond by 24 heurs, mere cholesterel was found im the Kupffer
cells and by this time had appeared in parenchymsl eells, Feripheral

er portal intravenous injections of verieus celloidal suspensions
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which blocked the reticulo-endethelial system inhibited the deposi-
tion of cholesterol in both retienlo~endethelial and parenchymal
cells and resulted in hypercholesteraemia (Feigenbaum, Byers and
Friedman (1954),

When lhc-labelled cholesterol was fed it was possible to demon~
strate the presence of the labelled material in Kupffer cells isolated
from the liver (Byers, S5t. George and Friedman 1957) and it was con~
cluded that dietary cholesterol which is present in the blood as
chylomicra, is taken uwp by the Kupffer cells and passed cnto the liver
cells for metabolism, Di Luzio (19%9) iselated Kupffer cells from
the liver of normal degs snd rats Ly magnetic means (St, George 1954).
He was able to show & much higher concentration of beth ehelesterol
and cholestercl ester in the Kupffer cells than in the parenchymal
cells,

It has heen shewn that administratier of zymesen, which siimu-
iates the reticulo-endethelial aystem, cause:s decreased plasma and
liver accummlation of cholesterol ester (Di Lusie 1960a; Di Lusio,
Heuston and Elko 1961), Farther stndies by Riggi and Di luzie (1962)
reconfirmed their previous observations and in additien they showed
thai zymosan administered infrﬁvcnou:ly produced stimulation of the
reticulo—endothelial system and & reduction ¢f plasma anéd liver
cholesterol ester, whtrQaa zymosan given orally was ineffective.

They suggested that this reduction ¢f plamme and liver chelesterol

wag due te an aceeleration in the breakdown of cholesterel to bile
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acids, brought about by the reticulo-endetheiisl cells (Di Luaio
19605), lm suppert of this comcept the above authows site evidence
relating te o hypersetive retieule-sndothelial system snd the lovw
serm cholesterel levels in many ieukemic patients (Bauses, Frukeff
end Ellison 1961)., Mere vecently Ashwerthk, Pi luzie end Riggi
{1963) heve shserved the effects oi gluean, snother reticule-
endetheiial stimmiating sgent, en Kupifer colls of rate. VWhen
glucan was given intr;.:vmeusly. carken yartiecles and lipid emulsions
were removed more rapidly sué effeetively in the giunesn irected
enimals and mest of ihis remove] wes due t¢ actwsiphageeyiie uptake
by the Kupffer cells.

There arve various reperts in the clder litersture which sug-
geet that lung muercphages ingest iipid., Seemamn (193¢} administered
chslesterol inte periphoral arteries and tl;e pertal vein sud Zeund
that the primery site of cholestorel depesitien wns the lung, even
if 1t had to paes threugh the liver fivet, Cieni {19%2) suggested
thet the lwng mserophages were impertent in remsval »f cholestersl
frem the bedy., Yere recently, this hypotheois wus confimed by
Doughorty ond Berlinmer (1659) who demomstrated by means oi wadie-
autogrephs thet lung macrophages remeve m(:—sholummz from the
blecd., Demick and Patek (1961) fed rets on cholestere!l diets for
five wenths and ahowed that pulmonary macrephages ingested Lipid
dropiets three days ailer commencement of the chelesterel leeding

end that the uptake inereased with time., More recently Bernick and



10,

Alfin-Slater (1963) suggested that lung macrophages were active in
maintaining the lipid end chelesierel levels of plamme. They showed
that in the early stages of essential fatty acid deficiency the pulmenary
macrophages phagocytesed the lipid dreplets. The uptake of lipids and
cholesterol could be reverscd by the sddition eof the essential fatiy acid,

linoleic acid, to the ctherwise faet~free diet,

The1ipid which is phagecytesed by reticulo-endethelial cells does
net remain unchanged fer there is an inereasing amount of evidence that
reticnlo~endothelial cells are able to metabsolise the lipid they ingest.
Schonheimer snd Yaasa (1929) observed an increased affinity for Sudan IV
in the phagoeytic cells fellewing implantation ef cholesterel erystals
in the skin er peritemcal cavity. Because pure cholesterel does unot
stain with Sudan, it fellows thet there is aseme comversion of cholesterol
4o stainable esters or ¢lse there is a simulteneous accummlation of
other stainable lipids in the cell, It was later confirmed (Schonheincr
and Yuaea 1929) by chemical meane that pertial esterification of chelestercl
implanted in the skin cecurred concurrently with its ingestion by
macrophages, Day and French (1959) working with lympb ncdes, shewed
thaﬁ tkhe upteke of cholesterel by reticulo~endethelial cells in the
sternal lywph nodes in rats was followed by & rise in cholesterol ester
whick increased with time, It was suggested that esterification faeili~

tatesile elimination of clhiolesterol by the ceils, French and Morris
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(1960) showed that both chelesterol and chelesteryl oleste, after in-
gestion by cells of the lymph glands, were removed enly slowly end in
both casen were still detectable after three to four monthe (see olse
Day snd French 1961),

'Day and Gould-Hurst (1961) traced the esterification of cholestsrel
by rat iynph nedes using ehelosterol-i~'"C, They found a high spoeifie
setivity of the ester in the nedes this ruling out the pessibility ikat
eeterificetion ceeurred ut some viher site prior te ite upteke by cells
of the lymph nedes, Habbit I&Gﬂy"mpn wers also inewbeted fn vitre
and sbown te take wp Herabelled chelesterel ané partially eenvert it

&c@wlalscllud cholesterel aster. Previeusly cholesterel csterase

te 1
activity had been demsnsireded ir maerophage hewogenntes (Day 1960@)_.

| Day, Gould-flurst and Wehlqvist (1064) using serwm lipepretein
labelled with cholestercl—H demonstrated the partial upteke of lipe~
pretein by mnecrophages. This uptake wae followed by apprecisble
hydrolysis of the 33!-—&&%11&1 lipeprotein chelesterel ceter, Maevophage
hmgvmtn were alse shown to hydrelyse lipoprotein cholesterel esier.
The addition ef systhetic ldeithin er purified animal lecithin te this
cell Irse system accelerated the hydrelysis. On the other hsnd Pay and
Gould-Hurst (1963) showed that in the presence ef cither synthetie
lecithin or animel leeithin the esterification of the mﬂwlaboued
cholesterol Lreught sbout ity macrophage hemogenates was appreeiably

reduced,
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The faity acid pattern of the chelestersl ester aynthesised by
reticule-endothelinl ceils bas been investigeted by gas liguid ahreuste~
graphy (Pay, Fidge. Geuld-Hurst ané Risely 1963). listerifieatien ner—
mally vceurs with catursted fatty ceids xbam cisciesierel zlone is iu-
gesiod by retieule-endothelial cells, but if term il of cosonut oil
sre aéuinistered with the chelesterel iuspeusion, the fatty aelu st
the cholertorsl esters cop be infiusuced towerds the pelyunpaturated ¢r
satursted rsspectively, The sffect ef eern cil and cosonut oi! on the
astorification and swbsegusnt removal ¢f cholesierel by retiscule~
endothelin] cells has Lsen studied by Day (19604), Both eils ineressed
the mmount ¢f chelesterel taken wp and beih influenced the vete of est~
erification, but the rate of removel of eboiestersl from the nodes was
net significantly aifected by the presence of elithor cocenvt er comn cil.

Tompking (2946) suggested that ciciesterel taken wp by mecrophages
is modifieé in some way, pessibly by combinstier with protein 2nd then
returmed to the dody fluide., This hypeibesis was further investiguted
by Doy, Gould-Hurst and ¥ilkinsen (1064). They foumd that after phago-
cytasie of cholosterol suspensions by rabbit wacrephages incubsted
in vitre, the chelesterel is inecorperated inte the serum lfipepretein
at » more rapid rate than when cholestors]l suspsnsion fs incubated with
serum &loune, Thuy‘ suggest that meerephages bring sbeut remewzl &f chel~
estere]l from a sito by couverting it ¢o the lipeprotein foms,

lncrophages obisined irem the puritencal cavity of rabdits have
been shewn te posssss both esterelytic and lipelyiie astivity (Pay and
Harpis 1660}, Using eoll free systoms, the osterese activity wes
dewonstrated hy the hydreliysis of beth iributyrin sné -naphthyl
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acetate, and the presence of lipase demenstrated by the hydrelysis of
chyle triglycerides ané by the inereased hydrelysis of B-naphthyl
leurate in the presence of sodiuwm taurseholste,

The exidation of *.le'@”l‘ﬁﬁ”ﬁkce g»m-ium-l-“c snd tri-
gmlqi.ﬂn-l-“c by masrophaget in_Yiize bse reecently been investigated

A:olabelled fatty ceids

(Day 1960a, 1961), Appresiable cxidation of '
and triglycerides ceulé be breught abeut by thome g¢ells but under similer
circumstences, no oxidation of the chelesterel side—chain could be
demenstyrated.

Beeently the question of lipid synihesis by phagosytic eslls,
notably poiymorphe-nuclear leucocytes has been investigeted. It has
been found by electren mievescopy studies that during the process of
shagoeytenie, the 1ipié rich cellulsr membrene is internalised (Goedman
end Y¥oore 1956), During this proesss there is censidersble breskdewn
¢f cellular membrene and & build up of new 1lipid rich memi:rane surround-
ing ingested particles. An incresved insorperation of accmta-ﬁ—wc.
clucose-1-1%C and *p-iabelled phosphate into lipids during phagocytesis
by‘plmry%wulur leueocytes was cbserved by Sbarrs and Karmovsky
(1960). Exsbaeh (1939} ales showed labelling of the lipids of vabbit
polyzorphe~nuclear leucoeyties using acctlto-lnuc follewing uptake of
best killed streptocecel, Tbares ané Kswnoveky (1960) suggosted that
the couse of the increased synthesis of Lipid during phagocytosis is
an inoreeased penstration ef laksllied precursors inte the ¢ells during

the process of pariicie ingesiien, Lipid synthesis by polymerpho~
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nuclear lewsocyies has been obuerved by Buchaman (1960), Marks,
Gellhern end Eidsen (1060} and Rowe, Allisen smd Loveleek (1960} and
it appears thai the ieucocytes are vesponsibie for most of the iipid
gynthesis brought abeut by bleed cells.

Recently synthesis of 1ipié by leucooyles hos been confimmed by
Malamos, Hiras, Lovie and Mantzes (1962) wio demenstreted insorperation

of acetete=1-"C inte six 1ipid fractfons by lewcesyice ip witvs.

The pessible rele of srtovial masrephages in the depesition,
remevel enéd metebolism of 1ipié hos been éiscuvsed. It wan alse
peinted out that macrophages way sffeet 1lipid depesitien by transpert-
ing it threugh the endothelial wall after takimg it wp at soue site,
Mueh of the informotiem veported abeve ie concerned with the uptake
and metabelism of retiewlo-sndethelial eelle in ether situatiens ihan
in the arterial wall; however seme informstion is available which
suggeeis that macrophages pressni in the arterial wall ere biechemisaily
active,

Seme interesting observations en the enzymes of woerophages in
the zorte of nurmel and cholesterol Zed rabbits were made by Adame,
Saylise snd Ibrahim (1963). Using steining ieehnigues they demenstrated
1sctic dehydrogensse (L.3.}, HAlii~tetraselium roductase (NADH-TR) sné
adenosine triphosphetase (ATPuss) astivity in smosth-smscle fibres

botween eleatic lemellee in sortas cr mormsl fed wabbits, After four
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weeks on a cholesterel fed diet, macrophages prelifersted in the
thickencé intima of the 2erts and showed streng L.D., NADE-TE gnd
ATFase aetivity. ifter ten te twslve weeke cn the diet the magre~
phages in the subendetheiial sene centinued to shov seme ensyme
activity altheugh large spases deveid of enmyms setivity were seen in
the intima, Alee netised was a foeal incrcase of zmsyms notivity
{n the intimal macrephages of the faity stresk lesion in the serts of
the human sdolescent but the wedis roteinsd ite vermel enzyme sctivity,
Variable numbers of macrophages wore seer on the inner aspect of the
plagues in elder subjects and there weres ususlly ensymically active
even when the aédjaeont media was devoid of ensyme, The emibors alse
cite evidence provided by Lodje and Felt (1560) end Lodjs (1962) wie
reported & cimilar incresse in ensyme sctivity uppsrently confined te
lipephages end fibrecytes in the intime of sthevemateus riijE aoxtia,

Ne inforwsties is aveilable regarding the synthesis of lipide
by maerophages., lIa the sxperiments desoribed in this thesis, this
aspeot of 1ipid wetabelism by maecrephages has ithiorefere been investi-
goted,
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4, Badiosctive Subsixsies

1. c-labelled sediue pelmitete-elbunin souplex,

Falmitic aeid—l-}‘ﬁ (spocific activity, 7,& pe/mg, Radio-
chemicel Contre, Amersham) was diesoived in 0.05 ¥ sedium hydroxide
te give ® stock selution of sediue pelmitete containing 28 me (2.50g)
/pl. Prier to uss, this was diluted one in ten with 5% bovime albumin

sclation.

ib,

Glyceryl tri-(pamn-u-iw“c} (speeific setivity 16.2 nc/mg)
was obtained frem tho Rediochemicel Cemtre. This preperation was
found to centain appmﬁn@io amounts of di= und none-giyceride and
vas therefers purified en siliecie aeid columns (describes lster).
Badicsetive emuleions were preporved in smeil velumes by éisscliving
tr‘ipalmiuml-“ﬂ (a%out 20 me) in two ml othanol and edding three
dreps of Tween %3, The ethanel was remeved by evaporation and the

residue wes taken up in five ml of water with vigercus shaking.

g T
Alen rbtained from the Radiochemical Cemtre, Amersham (specific
aetivity 276 ne/mg). This was disselved in water to give & atook
sslution conteiming 100 pe/sl, Periedic purity tests were made By
paper chromatograpby as follews, 36 n1 were spotted oute Whatman

Ne.l filter paper and chrematogrems were developed by descending
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chromatography using ethenel, water, smmonia (95:115 v/v/v} as the
develeping snlvent, After about twelve houres, the paper was dried
end & rudieoewisgreph prepared by expesing the ehreustegren ie i-ray
fiim evernight. The heavy lebsl enabled easy deisctien of contesinat—
ing woterial. II fupurities were present, the aecs}stwi—»lg‘c wan
coneentrated by iyephilizetion and purified by paper chrematography on
Whatwan 3 paper uwing the selvent system desoribed above, Afiter
develepment, the acetats sone wes ont out end slwied, concentrated ané
distilled inlc dilute sedium hydroxide., The distillation preeccdure
in one baeed on Bariley's {1993) method for the veliection of acetie
seid and utilises principles imtroduced by Ceuway md Pewney (19%0)
end Eizk (1990}, viz., thed the sédition of anhydreus sodise suipbate
increases the tension of scetie seid in solutien snéd therefore facili~
tates ite distillation in distillaiion-diffusion wnits, Fig,}
illuatrates the apparatus uesed for the collectien of the mﬁ«-lamnd
scetic acid. Devedls are as follews, The sodiws scetate-1-1'C was
reconstituted im 6,2 1o 0,5 wl of vater and loaded on the surface ef
the snhydrous sediwe sulphate in the distilletion bulb, Vilute
sodium hydroxide wos plsced in the collection tube (in excess of the
mmownt reguired) together with a drep «f indiestor and both the tube
and side srm were fresem by immsrsion in ethamol containing dry ice.
The side arm stopper wos then removed, and I sulphuric seid was

added (the amount of seid degending on the mmewnt of sediwme ecetate

present} end the tube evacuated rapidly for twe mimates. After
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sealing the tube, the tube contents were allowed te thavw out, The side
arm was immersed in & weter bath apd the tube immersed in se ice bath,
The asetic acid waes distilled over by vaising the tewporature of the
water bath to sbout 40° snd leeving it for 30-i0 mimutes., The rseevery
of sodium asetate-i-1%C was then checked by ceunting a knewn smownt of
the dilute sediwm hydroxide, If umed Les; than the expecied radio-
potivity was recovered, more 2N sulphuric asid was odded to the sideamn
ené the precess repeatsd., The contente of the tube should remain
alkaline throughout the éistillation (thus the presence of indicater) te

guerd against loes of acetie oeié on opening up the tube.

Obtained frew the Radioebemical Centre Amersham (specific wotivity

varied with hotch and time, due to decay).

. w;.%
%?s}zmcm-lémﬁ of specifie ametivity 143 ne/mg wan obtained frem
the Badiechemieal Cemire, Amersham, ihe properstisn wae disselved in

distilled water, stoved deep fromen and dispensed with aseptic preceutions.



19.

B, Exsperation ef Nep-fedicactive Suspensisps

1. Ghelesterel Suspensien.

F00mg of cheliesterel was dissolved in J0ml of warm acetons;
this sclution wes added dvepwise te 100 te 200m) of beiling watsr
vhich was stirred comsteztly. The acetone wae remeved by bailing
end pereslein chips were sdded te prevent buwmpisg. In order &0
obtain » suspeusion conteining about iGug/ml the velwms wes reduced
to b0 te 50 wml by beiling, this finel suspensicn then being filtered
through glase woal ie remove any presipitated cholesterel. Ths
eholestars]l aeontent of the suspencien wes dotemmined; & concentye~
tion botween nine to ten mg/ml wes satisfeotoyy fer the experiments

]

concerning the uptake ¢f palmitate-l~ 4 end 35gF’«-‘hhiicd phosphste.

& Larben Suspensien.

Carber €11/1431a (Gunther Yagner, Hsnover, Germeny) in 2§
gelatin wos prepaved in suspension et s conceniretien of 72 wg/ml.
Thie was diluied with wator as required. The periicle wvise was lesa
tha 500 iugetvem units.
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Paper Chrematographic Stendards
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Cholesterol Obtained from the Nutritiomal
Biochemicals Corporetien,
Cholesterel Oleate B.B.E, (L.%.)

Pelmitic Acid B.0.0H, {b.t.)
Tripeluitin B.BLE, (L.R.)
Pipsimitin Obteined us » hydrolytie Ly~product

from m Bb . tfiml‘xt!ne

o, c-lebelled Neutzal Livids.
431 of the labelled compounds listed below were obtained from

the Radiochemieal Centre, Amershas and details of their spesific

activities {except mleaﬁﬁnﬁ-’&-ﬂ“%} have been given ebove, They

were dissoived in Lensene, each standard comtaining 0.4 mo/sl,

B
Be

S

Glyeeryl mz-—{mnﬁuw-x-“c}

Palmitde aeld-1='C

Glyceryl di-and wone=(pulmitate=1<1"C) were obtained by
column purificstiion of the glyeeryl Wﬁ-»(.galmﬁt-wnl-uc).
Cholestersi=i->¥C {specific aetivity 63.4 ne/mg).
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6. Phosphatidyl cheline Synthetic dipalmitoyl lecithin
obteined frem Nutritienal Bie-
chenicals Corperation,

b. Phosphatidyl ethanolamine Obtained frem the Nutritiomal
Biochemicals Lorporstien,

¢. Phoaphatidyl serine Upotained frem the Hutritional
Biechemicals Corperatien.

d., Sphingemyelin Sphingemyelir was prepaved
from beef lung (Thannheuser, Berottli and Boncedde 1946) as fellowa.
Fifty prunds of fresh bsef lung were obtained frem the lecel Abaitoirs,
mineed end washed twice with three galloms of ncetone, filtered und
dried at 68°, The tissue was ground to & pewder pnd divided imte
three equel pertiens which were extracted with ether for three days,
After stending in the refrigerator evernight, the cxtracts werse
filtered end the preecipitate, in several lets, re-extracted in a
&?oxhh'tl apparatus for twenty hovrs, The veeidue vas ve—extracted
with four litres eof light petiolewm: wmethanel ($:1 v/v}) and filtered
and the filtrate concenirated %o o thin ayrupy liquid and precipitated
with 1500m]1 ef acetens. This was sllowed te etend in the refrig-
erator overnight and the precipitute wes cellected next werning by

- ¢{ltretion. The residue weighed sbout J0g and wap tskem up in
300ul of glacial seetic meid (after slightly weming). This extract
was kept at voom temperature overnight and filtered ihe next day.

A mmall sweunt of ineclukle residue wes re-extracted with ten



velumes of aeetie acid, filtered and the filtrates combined. This
scotic meid extrast was cencentreted to a small volwme and the disselved
material preeipiteted with cne litre of acetons. The suspension vwas
£ilteved after standing in the refrigsreter evernight and the pre-
cipitate dried at 7%,  10g of this material were ground tc a paste
with a small velume of water. Then 200ml of ¢.2% N sedium hydrexide
wer9 2dded sné ithe suspension shaken &t 57 for three days. It was
seidified with glacial acotic acid and filtered, washed with scetone
and cther and the precipiteic extraeted in & Soxhiet apparazius fer
two days with ether to rewsve fatty scids. The comients ef the
thimble were diaslysed ageinst running tap water fer 24 heurs ie¢ remove
inorganic matericl and the {ielysed suwpension was Filtered zmd washed
with scetone, The precipitate left after stemding in the refrigera-
toy evernight wes takem up in warm othyl sestate end stored at g
until used. It gave a positive test for sphingveinve (Saite 19%¢)
and choline (deseribed leter) sné had the seme 5f vojue as ephingomyelin
supplieé by the Cosmenweslth Serva: Ladberstories, lelbourns,
¢, Inesiteol FPhosphatide Synihetic inesitel phosphatide
was obtained from the Sutri~
tional Biochewierls Corpera~
tion,
£, Lyselecithin Lysslecithin was prepared by
the hydreiysis of dipeimitoyl lecithin on ap alwasinium sxide column,
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(Renkonen 1962). 4Bmmoles of lesithin were loaded on a four ¢
sluminiwe oxide solwmm, washed on with tenml of chiléroferm and left
in contaet with the adverbent for 48 hours ut room tempersture, 1t
wes then sluwted succeseively with 20al chiereform, 10zl sf chlereform:
methanel 9:1, then 812 {10s1), 7:3 (10m1}, 6:4 (10m1), 5:5 (16m1},
218 (10ml) end emeh irmetien was examined by paper chrometegraphy.

The iast three fractiens yieided Iyseleecithin, The Bf value was
conpired with that of en suthentie scmple ¢f lyseleeithic cbtained
frem the Commonwealth ‘erve Laberstories, Helbourne and showsd the

presence of cheline by o epeeific spot test (deseribed later).
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n. !zllllit‘ll l‘ E I | . ll n E I’ II

Vig, 2 shows the spperatus used for cellecting maerophages from
the peritonmesl cavity of sdult rabbits. Un ihis methed {Lucke,
Strumic, Mudd, MeCutcheon and Mudd {193%) ae modified by Ysckaness
(1952)) forty ml of sterile iiquid paraffin were injected intrapsri~
tensally inte adult rebbits., After five days, sterile G.9% sodimm
chloride welvifen containing .50 E.D.7.A. (etiylene~dieminetotrs~-
peetic mcid, disedivwm salt) wus iniroduced inte the paritenesl cavity
through @ emsll widlive ineisior ond the oxudete trapeferrcé through a
sheathed comnula inte @ separating funcel by mesns of & Pilter puzg.
These saline washinge werc sllowed to stond for five mimutes te wep-
arate the cells from the pareffin, The bottom phase wae passed threugh
s gouse filter $o yeuwove glant cells and debris and colleeted in fifty
ml contrifuge tubes, They were epun et 220g (epproximately BOG rev,/
win.) for thres minutes, the supernatant poured «ff, and the maerephage
depesit reeuspended in Hankas® soluiden pil 7.2 (Momks 1948),  Sucars
were prepareé end staised with Leisliman's stain fer differential count~
iag and the suwnber of celis utkﬁw&, aftor sultable dilutien, wveing
& hesmoeytometer couvnting chawber, The sxudates conteined 8%5-00% of
large mononuclear ceélls which wore identieal with tissue maerephages.
Some of the cells countafned dreplets eof puraffin, In sdditien, the

exudetes contaived sppreximately 10% small wemo-nuclesr cells, but

rarely auy polymerphs,
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The incubation and extraction precedures varied with different

experiments as follews.

1.

A brown number of mecrephages (appraxim&t&ly 100 = 166) were
suspended in 45ml of fiopke' soluticn pH 7.4 containing G.5% bovine
albumip and were dispensed inte 2C o, Yelavtney bottles (Pig.5).

These were incubated on thely sifer at 27® for 66 winutes, After thie
poried, the mocrephages ked firmly adhered to the plass vhile any cen~
taminating cells yemsined free in the fluid media, The Hopks® eolution
was vempved and the adherent £ilm of macrophages washed with ,.5% vamm
codiun ehlicride solution e remeve sny conteminating cells, Thirty ml
of geé’im centaining Hanks' solutien - o1d rebbil serwm = new rabbit
gorun (431: v/y/v) wae then added te the cells together with & kuewn
muﬁt {approximately € we) of ncv-labemml sodium palnitate»ﬁlhmin
solution, Streptonyein md penieillin vere added to the wedimm te
prevent: becterial growih, Controle were sel up gantaing medium end
4o jabeiled palmitate but wo macrephages. In ell experiments, paired
incubaticns weve set up and the dupliecates incubated for either four or
twenty hours, The msdium was brausferred te & fifty wml contrifuge

tubs. The eells still asdherent te the glass were vashed twice with
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ten ml. of warm 0,97 sedium chloride sclution; these washings were
pocled, added to the medium and spun at 2,000 y.p.m, for ten minutes.
Thie depesited auy cells, or cell debrie tast had beceme detoshed froum
the gisss during the iocubatiem, The sesidus wes washed agein with
.95 sodiwm chloride solutien. The esile still adherent to the glews
were extracted with ton ml of sleohel ietber (3:1 v/v) by standing the
MeCartney bottle in a weter bath st 7¢°. Glass bends were added to
the bottle snd after the sslvent had boiled, the bottles were laid
dewn on thelr side with the cells adjeesnt to ihe bench, The solwvent
contimmed to boil for & few mivutes. Then the extroct was combined
vith the cell residue obiained ivem the redium ané rebeated st 70° to
complete the extraction, After cooling, the exirgact was filterad
through Whatman Ne. 1 filter paper and the filtrete mode up te ten ml.

Five ml of tho supernatant selutien ehteimed afier eontrifuging
the mediwn was oxtracted with 100 w3 of alesholiether (311 v/v) st 70°
and filtered. A knevn amouni of this exérsst (80-90ml) was evaporated
te near dryness im & sioppered test tube, twe ul of weter wves added
and the lipid extracted by & iteclmique known as “chesing out®. This
was necessery bessuee ihe mediwy vsntained cunsiderable insrganic
paterinl, seme of which disseived in the sleohol tether extvset., Teon
a1 of 15¢ slechel in 1ight petreiewm (b.p.60-8") were added to the
stoppered test tubs which wuy sbaken vigorsusly. The wpper phase
(15ght petrolems fpaction) was remeved and the bottom phase wished tvice
with don sl of 15% ethenol in light petroleum. The washings were
peoled and made uvp to & known velwme,



A knewn amount (approximetely ime) of sediwm seaisdert="
was added te the modivm end inewbation was cerried cut in pairs for feur
hours st 37°. After inenbation the meéium wes remeved frem the
MeCartney bottles and centrifuged te depasit any deteched cells., These
macrophages were vashed with 0.9% sedimm chleride scleiion sud respun,
The masropiages ctill adherent te the glass were detcched ueing three
ul of 1% detergont wolution (Tespsl, Shell B3} Co. ltd.) and combined
with these that had been depasited after centyifuging the medimm. The
¢ol) prepsratiens were then lyecphilized. One preparation of en inew~
batien pair =as vesemstiteted with five wl of water, & portion of whieh
was counted by liquid seinifillatien counting ueing Plexan Sgintillestor.
Thie determined the toial uptske eof W . The other member of the pair
was extrected with 20ml of sievhel-ether (3:1 »fv) a_ﬁ‘?’ﬁg ené 4he extract
filtered. Thie filtrate was irveusferred te & stoppered test~tube
and avsporeted te near dryness. Une ml of I¥ unjabelled sodium
scetate wie cdded, ané the 1ipié "phased eut” with 13% etiencl in 1ight
petrolowm as sei out sheve. These light petrolewm washinge were com-

bined end e portion counted using the Diexen Scimtillater.



7. laeuhetions wsing the Mepeweirio Techniue

Warburg cups were calibroted end silicenised. Yo oach cup
wos added a known nunber of wacrophages suspended ic Henks' solution
(30-5¢ = 107), one w1 of rebbit serws snd s knows smount of the sub-
strate, 4.2 ml of A NeOH was added o the sentre woii together with
a mall piece of fluted iilter paper. The finsl volums was aéjustied
ved et 37°.  They

to five ml with Hanke® seiution and the cups incubs
vers shaken &6 sn eptimam speed (previeusly determined) for oxygen o=~
chenge and dupiicaie Zilasks were vemoved after the spprepriate incubs-
ifen time. Mepemetric reedings were teken every twenty minutes.
Penieillin snd streptomycin were sdded to prevent basteriel growih and
controie were included which contained medimm and substirate, but uo
ceils. Vhen necsssary, sSome jpeubetions were cerried out im eili-
conised conical flasks, but at lesst two Farburgs were ineluded in eash
of these yuns for measuring the exygen uptehs, After incubation the
cells and medivem were tronsferred to contrifuge tubes end spun et

1500 ypm for rive minutss. ihs vells wire vashed twice with Zive ml
of U.0F woéiwms shleridc selution the cells being posuspended between
each washing by gently shaking. The celis were then oxtracted by
homogenising with shlorofomm: wethauel (2:1 v/v) and the lipid extreet
wos woshod ogceyding te the method of Feleh, Lees and “loane~Stenley
(16%7). The effieioney of the washing precedure in removing neetate=1
Al and inergenioc 3%p from the 1ipid extrsst was checked by extraeting
macropbages vith @ emell smount of chlorofermimethanel (2:1 v/v) and
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then adding 1 we of auutc-l-w%? or 10 wne 3 a1-"-»1:’!»01’@1-& erthophesphate

te the sxtract, After washing with 0.73% sedium chleride solution and
pure solvents upper phase, less than 0.01% of the added ceuntr were found

in the lipid exiraet.

6. Apslvtisel Procedures

1. el 1

Ineubatione were carried out in 30 ml silicenised cenical flasks
secled with a rubber serun stepper in which was mounted a stainless
steel coil supporting & collectien viel as shown in Fig, & {Cuppy and
GCrevaase 1963}, After incubatiens 0,Jul ef 1M Mymuine hyérezide (&
nigh velecular weight quaternary emins compound fer L0, trepping) was
injected inte the vial with a tubereulin syringe. This wne followed
by the injectiem of 0.Jml of 6 miphuvic scid izte the medium te ter—
winete the resetien and evolve ithe 1%03 dissolved iv the wedium, After
twe hours eguilibration the vial was removed, the contents diluted with

teluene and a portion counted by liguid scintillation pounting.

9, Eydrelveis of Lipid Exirscts.

o. Basis Hydrelveis (Sspenificstisn). Entensen (1957).

Lipid extruein were evaporated to dryness undey nitrogon apé
ssponified by refluxing with 0.5el of 30% peteswium hyiroxide and 0,5ul
of ethanel, for two hours &t go-100%.  After gesling iv recm tompera~
ture, the pon-saponifiable uaierial was removed by extracting three

times with five ml of light petrelemm (bp, 66-20°). The combined
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l1ight petrelews extracte were washed twice with small pertions of 2N
potsssime bydruxide fellewsd by e further fewr washinge with water,
The potessies hydrexide washings und the first two water washings were
returned to the aqueous phose. The lett er wos ceidified with €68
bydrochieric acid {using Mlﬁtﬁﬂoin as indlcator) end the fabiy
ccide thus libersted Irom their sodium saits were exiracted with three
washings ef light petreieum.

The wfficieney of the sepenificution procedurs was checked using
luewn emounts of either gliyoeryl '&riw(pmﬁninte-s}-} il:) or cholestersl~%
R

k. Agid Hvdrelvels.

Por the purpese of scparnting glyverel and glyesrcphosphate by
poper chvomatogrephy, it wes undesireble ¢ have lavge quantities of
aalt left in the rosidue which wae te be spotted onte popers, There-
fore HCl motkanel was used as a hydrolytic ageni. The lipid €o ke
hydroiysed was transferred inte small gleae vials, the sslvent remsved
wnder nitrogen and cne mi of 1,7 ¥ ﬁf:x in methanol was added., The
vialy were sealed snd pleced in an oven at 11°® for five hours. After
cooling ¢ room tempereture the contents were trensferred te small
stoppered tubes and the lipid sxtracted,
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The mon-sapenifiable frectien oltsined as describzd above was
dried over sodium sulphateisodium bi-carbomate (4:1 w/w), tiltered
ané cvaperated to dryness. The residue wes taken wp in Zifty nls
of light potrelewm and the cheolesterol wis separaied Ifvom smy
tmporitiss by chromategruphy en siliefe ucid impregnated paper
(described later). The cholesiarel zeme lecated by radie-sute-
grephy was cut eut and eluteé with aleohol-sther (3:1 v/v) at 76°,
This purified cholesterel sxtrect was filtered threngh Whatman Ue,
40 fiiter paper ie remeve silieic acié powder. A pertiem of the
filtrate was ceunted by saintillatien counting and the chelestervl
in the remeinder detemmined chemicelly by: the metbed of “latkie,

Yak end Boyle (1953). Blanks were included in cach asesy, in which
o piece of silicic seid impregnated paper correspending in sise %o
the womes eluted was ailse sxtracied with alcshel :ether ané filtered
as shove. The spoeifiec sctivity was cxpressed as cpe/mg of choles-
terol.

The digitenin precipitetion method was feund te be unsuitable
fer the purification of chelesterel in these uxporiments, in view
of the small smounts of cholestere]l svailable frem the nmiﬂun

lipid extract.

The fatiy seid Iraction ohtained sfter sapenificatior was
evaporated to dryness wnder nitrogen, disselved in G.5m] of bensmene
end the methyl estors were prepared as descridbed later. The npecific



activity was then determined by ges liguid chrematography ueing & IFye
iggon Chromutograph wiik polyethyleneglycel adipate {16% on Ewbacel,
106-120 mesh) at 1867 ze stetionary phease. The fatty acid mass wes
then determined by weasurement ¢f the total peak sree by planimetry
while the iakolled fatty scide were ¢sllected for scintillation count-
ing eb the coiuvnr ontlet in calcium chloride imbes centaining cotton
wool sosked in light petreless. These tubes were connected by meene
of zilicone rubber joicis te en hested sutlei tube itted teo the
deteetor, ig.3 shove ihe spparstue used. Celumms were eslibrated
ueing Iﬁﬁ—labeﬁled methyl palwitste of inown specific setivity, The
specilic activity wes sxpressed as cps/wg intiy aeid,

in wowe experimenis the specific sctivity ef the individuel fetiy
scids waa obteined, This was doue by collecting individuel peske in
the cricium chloride tubes coctsining light petrolewm. The eres of
ouch peak was determined by trisngalaticn and the specific sctivity

expressed es c¢pe/mg fetty eecid oblaimed,

!&G-labellaé glyeersl in the lipid extracts wer Jdetermired

The
by purificstion and counting ns follows, After removal uf the fetty
seid, hmeies of uniabelled glycers) were added as carrier and ths
solution mede alkeline with a few drops of smmonium hydrexide. This
solution was delenised hy pamsege firetly, thrsugh o coluem contain-
ing eix g of Pewex )} €1, 4fter cerefully washing the Dowex with

glase dietilled wnter, sbout 4T w) of eluant were collected end



cluant vapour containing 140 labelled
fattv acids after pas Vi uid
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reduced te a smailer velume {eppreximetely five ml) using & retery
eveporator. This selution was pnssed threugh o celumm of tem g
of 46 56 W (H") (206-200 mesh, Bie-Rsé, Labersteziea}. After
vashing with distilled wuter, sppreximately 80 1 of zlusnt was
cellected ané evaperated te drymess in a rolary eveperator, The
glycerel remoining wes dissolved in 5.5 ml oi pyridine and purified
os the glyecerel tribsuscate by the methed of Foss, Well evueyer,
Stjernbolm anéd Wood {1962), the smounts being sceled down fer this
rrepsretion. Details ere ss lollevs. 2.5 ml of benmeyl chleride
wos cdded drepwise to the pyridine solutien (in 2 50 ml centrifuge
tube) which was kept st @° in an ice bath. The mixture vas 1Left
in the iee bath for 20 minutes sné aiter this time 5.5 mi el ice
cold water wes @dded to the mixture, wirich precipiteted the glycersl
tribenzoste as a yellow oil. The mixture was gontrifuged, ithe
squeons selution removed end the ¢il washed twice with 4.5 ml of
water, then onee with 5.5 ml of 6.2 ¥ bydvechleric acid. A stirring
rod was used zoch time to disperse the oil. The oil was thep die-
solved in ¢ minimal ameunt of hot etlhenol (veuslly enly & few wl)
end then alloved te reol, OUrystallizatien oceyxzet after lenving
in the refrigerator at 2° for O heurs. Bowever when erystols
fsiled te appeer, the sides of the centrifuge tube werc scratched
vigorously whieh elways indueec erystel fermtiion.

The eryetals were then vashed with 1.5 of 80§ methanol (iu
the solé in order te prevent the erystele weltingj. The glycerel
tribenzoate was hyérelysed by adding 13.& ml of 1IN ethamolie pot-

asgiwms hydwoxide and heating at 60° for 80 minetes in & water bath.
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Ten nl of water were added and the ethancl caiw fully remeved by
evaporation. The squesus selutien remeining wee scidified sxd

the benseic acid removed by extraciing five times with five ml of
diethyl~ether, ifter nemiralizatien with elkali, the seiutien
wes deienised by passing threugh Uowsx 1 Gl emd then threugh

AG 5O W (H’) as described previeusly, The solution was evaporated
to dryvess wsing & rotary evaperster and Iimelly drieé cver %35 in
a vacuum dessicater,

The glycerel wae taeken up im five ml of rodistilled ethonel
and 0.5 ml was counted by scimtillatisn ceunting., Te check recev-
ery the giynerel was detemmingd quantitatively Lefore and alter puri-
ficstion, Generally, shout 70% was rocoversd and serrection was

gpade for the less in determination of the Yy incorperated into the

glyeerel.

The isclstion ef glycerel os the tribenzoate derivative is
enly ssiisfactery for o quantitative recovery of neutrsl glyceride
glycerel. Fhagphelipids yield meainly glyeerophosphate even after
harsh hydrelysie and thie is effeciively resoved during the imitisl
attempt et purificstion of the glycorol by ien sxehange chrometo~
grephy, Anether disudveainge is the leng time reguived for the
isolotien., In order to quentitatively sepsrate glyeersl and
glycerephesphate for radic assey the foilewing methed was umid,
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The meerephage lipid exirsct was hyérclysed with 1.7 N HCL
in methanel as described above, After removal of the lipid the
squeous phase was concentrated te 8 small volume (sppreximately
56 ule) in vacue. This wos hestened by placing the iwies in wazw
water, The residuc was spotted enie Whatmsn Ne.l filter paper
ané ssparuiecd by descending chremotsgrephy usisg the solveni
systea n-prepauel: eéhyl acstate water (7:1:2 Y/V/V) (Pelenovaii,
Payssnt, ¥ald 1962}, Vsing this system it waa possible o separate
glycerel from giycerophosphate and then te detect the glycerol with
amoniecel silvey nitrats (Pertridge 1948) spé the glycerophosphate
with the molybdic seid spray fer phosphate estors (Hames end lsher-
wood 1949) as medified by Bendurski snd Axelred (1951). The papers
were zut inte 13" strips ond seannsd neing & Nueleor Chicago & TI
Agtigreph Peper Seammer. Ouly twe peake, identified as glycerel
ond glycerephosphate vere labeldsd, The sreas of ssch were deter~
mined by triamguistien, and combined. The vecsvery io these iwe
penks voried betwsen 80-90% of the total ceunis in the agueons
phese,  Thie seall less was pressmably duve to ihe extreme
velatility of glyeerel. & sean iw shown in Fig. 6 vhich is

representative of scans obtained in esck experiment.
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Lipide were soparated on silieic acid inpregnaied paper using
the solvent systems described by Marinetti, Erhland end Kocher (1957),
Marinetti amé Stetz (1960) and Marimetts (1961}, Thetmon Ne.l
filter paper wae cut imte sheete of twe vimes, viz.,, 19 x 22 oo and
54 x 16 om snd dipped ints 2 selutien sf sodiwmm silicate (10kg of
silicie acid éisselved fn 330ul of 7.2 ¥ Sediwm Eydrexide), The
pepere (impregmated individuelly in batehes of fiftesn) wers Sung
for five minutes te remove excess sodium silicate mnd then immersed
in 6 hydrochloric aseid fer 3¢ mizutes. They wers them washeé in
running tep water few two heurs end finally in dietilled weier for
one hour and sllowed to dry at roem temperaturs.

Sspnretien of the five major classes of 1ipids (cholesterel,
chelesterel ester, di, and ¢ri-glycerides, phospholipid and fatty
seid), wes beet performed in two queri wide mouthed Eiiner {prescrv-
ing} jers. The develeping solvent used wes light petrelewm (b.p.
60-80°): diisebutyiketone (9636 V/V) and the papers were develicped
by oscending chremsiography for 1i-11 heurs. After this time, the
pepers were dried at room temperature and either uxpesed te X-poy
film for the prepereifon of radiesutographs, or éipped in 0.001%
Rbedsmine 66 and viewed wnder ulira-veilet light, where the lipid
wae detected as yellowish fIusrecaceni spets.

The loading capaeity of the paper when scpereiing newtrsl
l1ipids was investigeted by the use of radiesutegraphy ené the
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resulte of sveh an investigetion are shown in Fig.7. 1t can be
seen thet when the leceding eapacity exceedés 30 pg per spot, the
separation becomes unsatisfactery snd the spots overlap. There-
fore the smount of 1ipié per spet wae slwayn kept bolew 30 mg,
Ssparatien ef the phesphelipids wee alse pussible using
silieic oeid impregneted paper. The selvent systo: consisted of
diisebutylketone, scetic neid ond water (x0:2%:% YV},  In wowe
cases papers were develepsd with this sslvent systos im the prepor—
tien 40:90:% or 40:30:7, Fapers were supperted by glass rede and
devsloped for 16~20 heuws by ascending chrematography in large

chromstegruphic tanke.

in mrimtl ie uhieh mﬁ*—lahﬁud phosphate was incer—
porated inte 1ipid it was veeesssyy to identify the phospholipide
and to measure the mmount of 2 imecrperated imte 28ch phosphelipid.
This was dene as fellows. The lipid extreets, after suall pertiens
had been remeved for determinstion of phespheiipid phoapherus sud
for radienssay of %P. were divided intc twe portiens, evaperaiad to
érynoss snd chrematographed on silieic aeid impregoated peper te
separate phesphelipide. Aftey developmeni fer sixtesn o wighteon
hours ilie pspers were cut inte strips {1%" wide) aud secsuned or &
lueleer Chicage & 7T Actigraph Peper Chrometegroph Semmner. The
aress of the peaks cbtained were determined by trismgulation vhich

geve a guaniitative sesesmment of the distributier oI cewnts.
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Radioautographs were prepared from cach strip, indicating the
vosition of ecach eempound. In sewe experiments these cones were
eut out, duplicates combised snd extracted with four ml of 1 #
hyérochiorie acid im methemel for thiriy minuice at 62°, dowever
it wos found that some of the labelled spots did met proviée enough
pliosphiorus fer aceursts estimeiione and specific setivity deter-
minotion by this methed was not used. Speeitic activity of in—
éividual phosphelipiée wea ihevefere cxpressed os upn o individusl
phosphelipid per ng of tatal lipid phosphoruse in the sxtract.

3.

in order te idemtily the 32 _3anelled phespholipids a mixture
af standard phospholipids wns muds. This conteined sysgl enounts
#f phosphatidyl cholime, piaesphatidyl ethanolamine, phesphatiidyl
serine, iroaitel pheephatide, sphingemyelin sl lysolecithin, and
the pesition of eaeh compenont seperated by the nelvent spstem
(diioobintyl hetone:seetic scidiwater; 40:25:3 Y/Y/V} was esvefully
worked. 4 compuriser of if values of the redicactive speias with
these of ithe stemdard wirture ceuld ithem be made. The identifica~
ifop of the varicus cempounds in the stendard mixture ee wade by
conparing their wobilities with theae af the individeal reference
compowsds yun singly (Fig.8).

In additien the radisaciive spots were identified by speeific
spet tosts {gencrided iatori. The idestification of the lebelled
compounde was slse confimmed by ceshrsmatography (Hokin and Tekia
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19%8). In this procedure the redicsctive band was cut out snd eluted
st 37° with three five ml portiens sf chlerefom mmethanel :water
(75:25:2 V/¥/V) Zer three suzcessive twemty four heur periecs.
Correspending bands from seversl papers were Zombiued. The eclustes
wore pesled ané centrifuged to remeve particles derived irom the paper.
The selvent was trameferred to clest: tubes and remsved under & streau
of nitrogen and the residue was ecochromatographed wiih an suthentic
sample of o referesce phospholipid. The radiesctive coupounds were
visuslised by suteradiegraphy snd ihe reforence sompewnds by spesific
apot teats as éeseribed below. If the tw zenes ceincided accurately,
ihe redioactive material was vonsidered to be identical with the refer-
ence cemponnd,
%  Detesii )

411 1ipiés eould be detected by staining with Rhedemine 66 end
the chremategrims were immersed in & 0.001% selution of ihodamine 6
for two minutes and them observed shile still wet under ultre-vielet
light end the spots eutiined in pencil. Host 1ipid spots geve a
yollovish fimerescence,but inesitel phosphetide fluoresced with a
distinet binish celor. Fer the dotection of the emine phosphatides,
©.955 ninhydris iu scetonetiutiéine (10:1 v/v) wes sprayed outc the
pepers which were allowed io dry at reem temperoture. The amine
phosphatides were detected by the appearance of a blue coley, Cheline
containing phesphatides were demonstrated using the phosphomolybdete~
stannous chloride reagent. The chromatogreme wers first vashed with



40.

distilled water for ten minutes and then immersed in & 1% aquecus
solution of phesphemslybiic acid fer ten minutes. The papers were
then washed three times for ten mivuies evch in distilled water md
then immersed in o 15 solution of stannous eileride inm 3 I hydre-
chlorie seid. Spete which conteined chelino appesred blue (Marinetti
1962).

5.  Celima Chrometegraphy,

The separation of lipids on silieic scid colums was carried out
using the methed of Hirsek and ibrens (1958). In cwder to reproduce
the stepwise elwtien puttsrn deseribed e Scheme A of the above
authors, it was nmecessary to carry out the fellewing precedures.
18g of silieic avié (sbtained irem the Bio-Red Laborateries Bicimend,
Cslifornia) was taken from a bateh of sbsorbent whieh had Deen hoated
ot 115° overnight end dusted inte the jeckeieé celmms. The eemsimnt
temperstuve eireniatien wee then started immediateiy and the silicie
scid setivated furiber by dehydrating washes with ton ul of diethyl
sther (distilled aver sodiwe); 30 ml of acotoue-diethyl uther
{121 v/e) ane 25 ml of diethyl other. The debyirating solvents
were resoved by slowly washing the coiwsa with 1ight potrelewm (».p.
60-80°) overnight and on the following day, the eelmm wos loaded
with the semple in approximetely ten wl of light petroiows., Vhen the
charge bed pacsod into the eclumm, the polarity of the soivaut was
increased by shrupt stepwise changes, the order of which sre shown in
Teble 1. Initially the evder of elutiem of lipide wes setubl ished
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TABLE 1

The Stepwise elutien Scheme A of Hirsch amd Ahrens
which was used e fractionate lipids by siliele acid
column chromatography.

Fpaeiien Selvent

1 1% diethyl et!or in 1ight petrolewm
(v.p. 60-80°) 56 ml
11 75 ml
111 » 225 wl
b 4% diethyl ether in light petroleum
(».p. 60-80"} €0 ml
IV » 2L0 wl
b 8% diethyl ether in light petroleus
(b.p. 60-80°) 200 m}
V =& 450 wl
b 2% diethyl ether in light pstrolewm
(b.p. 60-80°) 5¢ ml
Vi 200 wml
il diethyl ether 300 wl

23 sbsolute methanel §00 ml

eseBEssBEGESD
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by running five separate celumms, each leaded with a known ameunt
of iipid., The oluent was collected in Tractiens and each fractien
was svaporated te dryness sué weighed. Iin addition perilens were
taken for detemminetien of triglyceride, Iree fatty seid, choles—
torel ané phosphelipid phasphorus. snether eolmm was loaded with
a mixture of l§ g esch of the lipide menticued sbove, and approx—
fmately 20 ml fractions were cellected. These were evepsrated to
dryness and the contents weighed,

Seperctions based om this gravimeiric apalyeis are shewn in
Pige. Ca and b, Tig. 9s fllucirates @ separetion o piliefie weid
vhich was not hested overnight at 115" eud it csn be seon that the
1ipids are zluted frowm the colusm bofore the starf ef eseh fraetien
chengs. Fig. 9b illustretes how this was corrected by activating
the siliefe reiéd overnipht at 115° snéd the clution pattemn im cssen~
tislly the seme as that reporied by Hirseh avd Ahrems.

Sinee it was necessery te ceparate fatty acié from triglyceride
in some experiments, sve column was loeded with spproximately equal
amounis of pen~labelled tripslmitin and palmitic seid end alse pel~
mitie aclﬁml”wﬁ. Beeh tube colleeted after wepsration wes eoncen~
trated io dryness, transferved te plemehets end semmted by G.M,
counting. After waighirg, the contents of sech plamchel weye sssayed
for esteritied fatty scid, The results of these smsays are shown in
Fig, 9¢. The triglyearide sud fatty seié penks were sxiremely clese
however and for the sske of repreducibility, snother coluen vae lendsd

“ith o pixture of glyseryl iri-(palmitate-1-1YC) and palmitic setd-
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1.-‘3"13, plus ter mg of sech (non-redicactive) ss cerrier. The
asparation is sbowm im Fig, 10, In experimenial yuns Lecouse of
the sual}l goentities of 1ipid sxtracted fruw the mecrophages, it
vas necessery te add ten ng sach of chelestorel sleats, glyeeryl
tripainitete, palmitie eceid, chelesterel mnd lecithin zs carrier.

The tebus ebtained after frectienation were eveperzicd to
dryness ané the contente qusntitatively irensferred o weighed
planchets by throe §,i=! washings with Iight petreleum, the selvent
being evapersted botween eaeh transfer by mesne of ¢ hest lawp.
After G.H, rounting, the planchets wers weighed Zor self abserption
correction,

In lster experiments the frsctions were redionssaysd by liguid
zcintilistion counting. I this procedure, ihe iuke cenients alter
eveperatien te dryness were iransierred by three 0.5ml iight petre-
leun washings to counting pote comtaining ihe liguid ecintillater.,

This wea prepured by refiuxing 50-79m) of methanel
with five g of clesn dry magnesiwa turnings snd 0,58 of resublimed
jodine in & twe litrs rouns betiesed flask. The mixture wae warsed
on & mater bath until the iedine dissppesred. ©00nl ¢f methamel wes
then sdded sné tire mixture refluxed Ifor thirty wiunutes, The product
was then distilled with the exelusisn of moisture (esiciws chleride
tabe) the first 20-30m] ef distillate being discerded.
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b. Dry HCl/Methenel.

Hydrogen shleride gas wes cveolved irem smwenium
chloride by concentrated sulphurie zeid in a Kipps® spperstus,
It vos dried by passing through concantretsd smlpinric ecid and
then collected in & Imown velume of weighed dry methanel. 5%
fiCL in methane]l was obtained by caleulating the weight gsin.

c.
(Steftal, Chm snd Abrens 1939). The fetty acide
of esters ts be mothylated (1-10mg) wore disselved in 0.%m1 of dry
benzene in & 15 ml wiero-sublimstien fube end four ml of 5% HC1 in
methone]l wss added. The mizcure was refluxed ai 80-100° for two
hours with freguent shaking atl shs start te disseive the lipid
pixters. 4+ caleiwmm chieride meisturs irop was wuned te prevent
vater from entering the mizture, After this precedure the mixture
vas cooled to room tempereture, iwe vslumes of water wore sCded wad

‘the methyl esters were exirscted {three times with three xl of light
petrotewa (b,p. 60-80"), The povled extrects wore dried over &
mixture of sediwm sulphateisediwm bicarvenste {(4:1 w/w) for eue heur
and then the ssters wers guantitatively transferred with light petre-
joeum (b.p. 40-60°) te o second microsublimstien tube, Tie centents
of this tube were evaporated te drysess by o strean of nitrogen iv e
water bath. The mierssublimatien tube waa them fitted te @ cold
finger and o vacwm of 6,2 < 0,15 a2 Bg was preduced. Iced water

st appreximately 5° was pumped through the celd fimger snd the tube
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was lowered inte & water bath at 60 Z o® for ome hour. After this
time ihe twbe was allowed to coel, the assembly was disconnected,
and the sublimed metkyl cstors, now collecicd en the celd Iinger,
vere carefully washed offi inte a glass steppered tube with light
petreloum (b,p. 40~60°). By removing tbe selvent the preparctiens
were veady for the gos liquid column but ihey ceuld bz stored in
1ight petrolewn (b.p. 40-60°) in the refvigerator uutil required.

d. Freparstien of Gas Liguid Chremstegraphy Ueiwmsus,
i, Spiesen M. (Ome g of ipienen was disselved in J0-

L0m} of diethyl ether. This was transferred te a reund bettomed
flask and nine g of Embasel (100-12C¢ mesh) was poured inte the flask

with gentie shaking. The solvent was then remeved im & warm water

bath and finelly éried off in ou even at 100°,

o B aecrm uea
5 H

jsx. One g of E.C.4A,

was dissolved in 4% ml of metbyleme chloride to which wes added nive
g of Embacel {100-120 mesh) and the same procedure as deseribed fer
the Apiesun prepersiien wes corried oui.

11i, Packing of Colugps. The celwms, wade of Fyrex was
a &ft. X ‘wx bore column, with a sintored glass disc {itted into the

bottem. After a piece of glass yern had been pushed te ike boitom
the celwsn wos carefully pached withk the prepared cempound using #
vibrater, er by gently tepping the eolumn with a ruler. Uuly o musll
speunt wos sdded esch time, with poekinmg after soch additien wntil the
pecking was sbout five ca from the top. A glass ysrn plug was plaeed
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en the top of the pocking. The columns were them preheated by
allawing the temperature ¢f the heating jacket 4o remair sbove
the waziwum specified for the speretieonal temperature, with o
sontinusl flew of irgem passing threugh ihem, Thia prebeating
was carried eut inm a spzeially provided side tube within tls hest~
img joclot so that any "bleeding” of the celwmns brought abeut Ly
the preheating procedure would net contaminate the fenizstion
detector., The Apiexon columme werc prebeated at 206° fer 24 bours
and the F,B.G.4, columns et 225° for A8 hours beiore ues., The
instrument used in this laboratery was » Pye Argen Chrematogran
12001 whieh incorporates sr iomizatien detecter besed en the
prineiple desoribed by Loveleck (1958). The procedure for caii-
bratien of the colusns boe beem described.

1. G.M. Counting.

in cerlier experiments with E‘&C, @M, counting was adepted
uvsing & thin mice end winder €., tube for measuring the activity
of semples labelled with 1¥C, Yost of éhe samples scunted by thie
mesns were lipid oud were thorsfore dissolved in 1ipid zolvents.
& hnown swount of the ssmples wse plated onte sluminiwe planchets,
(duplicates wewe taken wlienever possible) and the solvente were

svaporated using @ heat lammp, For counting eaqueous suspensicns
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of lipids a measured smeount was pipetted onto the planchet to which
C.iml ef ©,1% Teepol kad Leen added to facilitete spreading of the
sample., The sample vas then mixed with the Teepol and spread over
the well of tie planchet, ¢ lens tiseue of the smme diesmeter ar the
well being carefully pleced on the top {Entenmer, lLerver, Chaikeff
snd Dacben 1049}, The samples were ceunted at sn efficiency of
spproxinately 3%, suffieient activity being counted tc give en error
of less then ~ 33 in &1l but the very low activitly samples., ¥hen
necessary the planchets wzre weighed bofere and after esddition of
the sauples to silev a eorrectiien for self abeorptien, Jelf
absorption curves were prepsred for correcting scuples containing

chelesterel, triglyveeride end fotty seid (Fig.11}.

g 8 C
In lster exporiments =11 counting was dove by liquid secintil-
lotion counting using s Zecke N662 Liquid Seintillation Counter,

Two 1liguié seintillators were used,

8. 215 dighenylexasele (0,33 w/v} in toluene was used for
lipid sxtrecis and colmw eluates,
Counting efficiency = 75%.

b. 2:%5 diphenyloxasole (.45 w/v) in diexane as described
by Bray {196C) was used for aqueous prepsrationz at »

counting efficiency of 67%.
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(21stkis, Zak and Beyle 1953)

In some determinatioms the same procedure as deecribed by the
above suthers were used. Iu others however, (speeific aetivity
weasurenent) the methed wes slightly wedified to sccemmedeie smsuller
samples. For the ordinary methed, the chelesturel extracts (betweer
50 and iO0ngj were evapersteé io drynecs end disselved in ikres ml of
glacial seetic amcid im 1" x 6° test tubes. The celer reagenti was
preporeé us followas, ©.,5ml of 10% ferrie chleride (l“eﬁlsmﬁﬁ} in
glacial acetic scié was sdded t¢ a 25(ml cemical #lask, mized with
a few ml of concentrated sulphuric scid. The reagent was st first
slightly yeilowish, but turned celerless later. Twe mi of celer
reageni wore sdéeé cavefully down the side of the tebes cent:ining
the samples o thet twe layers were fermed., These were mized
thoroughly to ohtain even hesi distributien and ullewed te eoel.,
Stendurds (which contaimed 3¢, 100 end 150ug) vere included:

& blank with three mi of zcetic ecid aleme was clse prepared.

The rod color wiieh develeped was read against the blank st 35%mn

in & Hilger i Chem., H 810 Abserptiemeter. The samples were peured
carefully intc the cuveties to aveid bubbling and streew fermatien,

In the more semsitive methed, the same pruesdure was cerviel ewi,
exeept that half quantities ef all the rengenis were used. Stendards
conteiuing PSug, 50ug and 75pg of chelestere] were used and thie methed



vas sensitive eneugh te deteet chelestersl in the order of 10-20

pg per sample. Standard curvee ere shown in Fig.1%: and b,

(Stern and Shapire 1953)

Extraets of macrephages vere made in cthanel:ether (3:1 v/v)
both of these reagemnts being redisniilled before use. Three ml of
the exirect wue pipetted intc " teet tubes fer the rewvetion; o
blenk centaiving three nl of etlhsuel tether {redistilled) was alse
ineluded, 0.%ul of hydrexylmaine hydrechleride {145 in water) snd
8,51 of 3.5 N sediwmm hyiroxide selutier wus adde? the tuvben pixed,
steppered omd allewed i stemd fer iweniy winwies, After this tinme
6.6l of 3.5 IV hydrochlerie scid wor added, mixed end Zollowed hy
G5k of €.37 ¥ ferric chloride in 0.1 ¥ hydvschlerie seid. The
color developed was read &t F2Cup» in = Wilger Biochem. ibsorptie-
meter snd stinderds wers sed up whieh conteined 1, 2 and Fumsles ef
fatty ecid {seo Fig.13). _

This method measures hoth iriglyceride snd phospholipid ester-
ified fatty oeld hut not cholesterel cater fetty sefid., Large
quantities of cholesterel cster interferved with the rosction cousing
¢ turbid fimal selution. Yhere this ccenrvsd it ves elesred by
odding up %o 1.9ml of fiethyl other efter the reaction hed been eon—

pleted. The sample was then correeted for dilution,

5.  Determipaiion of Free Faigy fedg.  {(Gressman 1959)
The 1ipid extrecis were evapornted to éryuess and twe ml of

974 gdbanel were added. The fohosr were hented in 2 water bath ot
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30° for one minute and titrated while still hot with 0.02 N
agueous sodium hydrexide using thywzel blue as indienter, A
picro~buret vac used for the titraticm end Gﬁz free air was
bubbled thrcugh the samples during titration. A water blenk

was ineluwdod with eegh determination,

(Bzwwm 19%L )

Three m] of the macrephage lipiéd extreets wore evaporated
to drynees in calibrated ten El test tubes, O.5%l of 11.7T XN
perchlorie 2eid was cdded to the residue and allowed to digest
on & gend hath et 256°, for 3¢ minutes er until the costents had
become colerless. Then feur ml of the celor recgent was sdded
and the volume made up te ten mi snd shaken, Thie wos ploced in
a boiling water bath fer five migutes #né read at 820mp iv a
Unicom Spectrephotomeier, 1he cvler reagent was prepared by
disselving (a) 60mg bydrasine sulphete in 1 N pereilorie acid
(b) 1.94¢ of sedimm melybdnte im 1 ¥ perebloric neid. These
goiutions were dissolved individwally &y wamming and then pooled
aré made up to 20051 with 1 ¥ perchleric seid. Ctanderds con-
taining 2.%;.%, 7.% and ling of phoephorus {from stock discdiwa
hyéroges: phosphate [OUag/nl) snd blauk tudee vere prepared with
2,55m} perchleric seid {11.,7 ¥} end these ware alwo pleced in the
beiling water bath fer five minuwies. The Stendard Curve is shown

in Fig.lh,
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5. Dejerminstien of Givesvel., (Van Handel snd Zilversmit 1957)

The proccdure was based on a medification of the Lambert and
Neish methed (1950) whieh is mensitive eneugh to measure .0C5 pmele
of glycerol. Appreximstely 0.1ml aliguets (or ssmples containing
$-10;g of glycersl) were pipetted into O.lml of 0.05 N milpiurie
acid in tem ml merked test tubee (27), 0.1ml of 0.05 N sediwms
perisdate was added, left Zer five mimtes, followed by 0.lml of
0.% N sodium arsenite %o reduce the excess periodate., After an
edditional tep minutes, nine ml of chremstrepic scid reagent was
sided. This reagent was prepared by disselving ome g of 1:8
dihyéroxynsphthalene-3, G-dieulphonie acid, in 100ml of distilled
woter, A solution of sulphuric aeid, prepared by the adéitien of
400m] of concentrated sulphurie sceid o 15021 of water followed by
cooling was added to the sulphonie acid selution to make FU0ml.
This reagent was stored in a brown glass stoppered bettle and pre~
pared fresh every two or three weeks.

Fellowing the additien eof coler reagent the tubes were stopp~
ered and piaced in a beiling water bath fer 30 minutes away frem
the direct light, The cooled tubes were adjusted to a volume of
ten ml with water and the absorbancy resd at 570mn in & Unicam
Spectrophotometer, A Standard Curve (Fig.13) was prepered by measur-
ing the optical demsity of standards conteining 2.5, 5 and 7.3ug of

‘l“mg .
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6.  Glugess Betimation.

The determination of glucose wes carried out using the
Semogyi-felsen liethed, (1944:1952). To moasure the glucose
congwmtrotion of Hanks' iserum 2:1, ene ml sf the mediuve was
pipatted inte o 4" test tubs te which was added two ml of sime
sulphote {5%) snd twe el of 9.3 ¥ berium hydrexide. The tube
contents were mixed end #iltered through Whatmen No.l iilter paper
to vemove the precipitated pretein., Twe ml of the filtrate or
standard glucoss eslutien wis mized with twe ml of the Semegyi
reagont {nne mfﬁﬂne.}, cevared and bHeiled for ten winutes, Sfter
eveling to room tempersture tww ml of Nelmsn reagent was added,
fallowed By sheking, The nbsorbaney was read st 53w in & Uniemm
Speetrophotumnior, Thoe onlor weos celllreted by cofersncs 46 2
stonderd ewrve (¥ig.16} prepored on dilusions s{ the standesd glo-

cose seiution (0, 20, 46, 60,120pg glucoee )},
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A, Intreduction

Bvidence has been described which indicates that macrephages
can partieipate actively in lipid meteholimm and in particular that
rebbit mocrephages imcubsted ju ¥iire cen esterify echelesterel (Day
1960c; Day and Gould-Hurst 1961} =nd oxidise fatty seids and
triglyeerides to carben diexide (Dsy 1960a, 1961). Thers has
been no evidence, hewever, of speeific esterifying syetems other
than chelesterel esierese reporied in mecrepheges ané in erder ie
obtain some information about the lipid aymthesising systems in
these cells, the fante of fatty scid fellowing ite wptake by maere-

phages wes first investigated.



Approximately 1001106 wacrophages and 30 ml of medium
{Banke®' serum, 2:1 v/v} were incubated at 37° with appreximately
2ge of YMc-1abeiled sodtum paimitate-albmin selution in 20 ex.
leCartney bettles. In erder to investigaie the influence of
cholesterel om fatty scié inecorperstion iuie meerephages, 8xgz
of non-iabeiied cholesterol suspemsien vere added to the medium
in seme experiments. After four or twenty bours incubatien ihe
ceils ond medium were separated and the 1ipid of beth extrocted
with aleohol tether {311 v/v). Te determine the uptake of he,
labelled palmitste portions of both iie cell and medium extracts
were taken for G.M, sounting., A& pertien of the lipid sxtrscted
fron ¢ eonirel medium which wes ineubated with the substrate

(pﬁaﬁuw«wz-“c} but no cells, wes else counted.

Fable ? shows the results of these exporiments. The

MC in the medium and cells ie abeown in the last

recovories of
twe columne while the ether colmms sumerise the experimental
data, The percentage vecevery of MC‘ in the ¢olle and medium
is illwetrated in Table 3. It cen be seen that eiter s four
Lour incubation, the meerephages had takem up and incorpersted

intracellulerly between 5 and 75 of the g isbeiled sodiam palm-



TABLE 2 The Uptake of Sedium Paluitate-1-''C by Macrephages ip vitre

Bxpt., No. of Cells Smietrate

G2 20 x goﬁ Palsidnte=i=l '¢ 1900 4 21k 2263
90 x 10 Palmisate-1-14C 5220 20 589 1905
No celie Palmitote-1-15C 3290 20 -  o%10
Gh 37 x 106 Palmitese-1-1%¢C 2800 20 132 1877
No cells Palmitate-1-1% 2800 0 - ot
654 63 x 109 Palmitste-1-15¢C 3260 & 166 2455
63 x 108 Paluitate-1-1 3¢ 3260 20 535 2075
He sellz Palmitate-1-14C 3260 20 - 2680
B 63 = 106 - Palmitote-1-l3C with Smg
chelesterol cumpmnim ndded 3260 20 L0 2200
Yo cells Palsitate=1-1%C with 8ng
eholestorcl suspensier sdded 3260 20 = 2750
G6A 96 x 18° Palmitate—i-1% 3260 4 166 2099
20 3 106 Palmitate-1-14C 3260 20 63 1830
No cell Palmitate~1-14C 3260 20 - 2420
20 x mé Folmitate=1-14C with Smg ‘
csholesterul gmiu ndded 3265 20 389 ne6o
No cells Palritate=1-19C with Sug
shelestorol swepensien added 7260 20 - 2660
68 160 x 108 Paimitote=1-13C 3805 % 255, .
100 x 106 Paled tete-1~150 3325 20 506 "

+ Extraction of medium net esrried ount im this cxperiment.

i 11



Fxpt, Inevbation § recevery ¥ recevery
Time (hr,) in eells in sedimm
G2 & 67 76,5
20 iB,5 59.1
20 * TE G
G4 20 &7 €r,5
20 e 86,1
G’ ‘ﬁ 500 ?5.&
20 16.% 3.7
20 - 82,2
,,@% chol. 12.% 67.5
2} added + g6, %
G6 4 %.1 6,2
20 £1.3 ©6,8
20 +* Tho3
fzﬁi chol. 11.9 66,3
26) added % 8.6
G8 & T8 ++
20 14,3 4

4+ Controls ~ no cells present

++ Extraetion of medivm not carried out

Total )
Recovery (%}

5,2

-y
T8.1

74,3
78,2
81.6
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itate added to the medimm; after twenty hours incubatiem up te
215 of the sediwm palmitote in the mediwm had been taken up.

In the presence of cholesterel the tutsl upiake was less but
not significentiy e, However it was noticed that more cells
beeame detzehed from ths glass in the presence of chelesterel so

the difference is yrobably enly a spurieus one,

Lk

The tetel recovery of = C waried batween 69.2-8%.A% of the

E‘&ﬂ added to the medium at the start ¢f the incube~

mﬁ‘ in the contro} medimm (ne

paimitete~i-~
tion, while the total recovery of
¢ells) veried between 78 and 86,1%,

C. Ersctiopatien ef Lipid Extracte

0f more interest was the incerporatien of phih%wi-wﬁ

inte the verieus lipids ¢f meerophages and for this purpese, por-
tions of the 1ipid extracts ¢i both cells and medium were exsmined
by paper chromatography on silicic acid impregnuted paper. Tue
solvent systems were used, one of which separated the neutral
lipids, the other separaiing the phosphelipids., FRaéiesutegraphs
were prepared by exposiag Ilfex i~yay film to the develeped
chromatograms in Z-ray casettes., The exposure veried from five

to ten days., A mixture of radiosctive warier standards was used
to identify the neutral lipids and in the case of the phespheolipid
separatien, non radicsetive synthetic Dl~dipaimiteyl lecithin was
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run as a standard and ite position determined by sieining the paper
chromatograx with Bhodamine & ané warking the radicsutographks,
Fige,17 and 1B belew represent radiecsutegrephs prepared frem paper
chromatograms of lipid sxiracts frem szperiments G2 end G6 respect~
ively, In bothk, labelled irigiyceride shews up strengly after four
hours and in ene rediesutegraph {Fig.17) the presence sf labelled
diglveeride i clse show after 20 houre, In G2 (20 hours) appree-
iehle wc-la&dleﬁ fatty scid can be seen im the cel)l extreet in
addition to the di- and triglyeeride but in all other exporimasats,
thore was little remsining wﬁmiﬁmﬁhd fetty aeid in ihe wellsx,
Fig.18 1a a mere vepracentstive rodionutegraph end 1iitle detectable
14, uneaterified fatty aeid waz present after either feur er iLwenty
hours ineubation, The medinm extracts in o}l ceses showed up enly
“c-vlabeneﬁ free fatty scid snd no glse did the centrel medimm
(Fig.17).

Incorporation into phespholipid after feur end twenty hour
fneubations is shewe in Fig.19. In sneh case the fatty ccid hae been
takon up by twe phoephelipid I{rections (as sspersied by this nethed).
The faster movimg spet cerreaspends te jeeithin (us ﬁmgmx?@ﬂ te the
wobility of tho uniabelled marker) and the otier is probebly sphin-
gouyelin, but definite identification was nei attempted in these
experinents. There was ne labelled phespheiipid present in any of
the medinm extraets,

Yore euantitative inforeatien abeut the incorroretien of Mg
labellad palmitate inte the verious types of lipid clesses vae achisved

by chremategrapby on silicic acid colwmns, The separations of meero-
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phage and mediwm 1ipid exiracts on such celwmns is shown for one
experiment (66) in Fig.20, in the eell extracis there ig &
relatively large incorperatien ef MC-!.‘ME.X.@ palmitate inte
trigiyceride oné phespheiipid with emeller amvunts incorporated
inte the cholestero! ester, mens end diglyceride, Very little
of the V'C-labelled fatty veié remained atter its upteke by the
wacropkagee. The medium cxirsct cen$ained truces of mene- and

MG was still present

digiycoride snd of phosphelipid but 99% of
as wnesterificd fatty seid, In these colwmns the slution of the
palmitie veid peak cecurred esrlier in frasticm IV then thet skewn
for mixed nen—-esterified faity acide by Hirsch and Aurens (1938).
However the ropnduéﬁhilﬁty of this sepsretion wes cxbaustively
confirwed sud the elution ef labolled tripalmitis and labelled
polnitic ncid has alvesdy been reeorded (Fig.16).

¥ig.214 and B show the separatien en silicic ecid columms of
iipids frem meerephage end medium extraets in an experiment in
which Gug of mon-labelled chelenterol (in suspensien) were added
to the incubation medium in addition tc ithe labelled polmitate.
The cxperiment wes carried cut ai the same time #nd with the same
butech of meeropbages as that for the chrematogriom above (Expt. G6
. Teble 2}, The velative sonversien to iriglyceride snd phosphe-
lipié wee essentisliy the seme and ceme incerporation of labslled
fatty acld into chelesterel seisr and intc mene- end diglyeeride

slee cceurred.
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The recovery of 14 from the control medium iy all experimenta
ia not gusatitative, but it is veasopable to expeet come lons during
the many ateps inveived in ihe extractien procedure., However when
compareéd with the tetsl reeeveries of cells tnd mediumm in corres-
pouding experiments it hecemes spparent that wore activity is lest

14,

when ¢ella are present with the pelmitate~l- during the incuba-

tion. 'This loss could probably e acesunted for ss "*c%. How=

ever, uo determinasticms ef M‘Gﬂg vare mede iv these experiments
because Vay (1560a) hss previously shown thet macrephopee incubsted
in vitre with sediws palmitete-1-''C ean cxidise the fatty scid
with the production of 100,

The uptalie of faity acid ond its conversior to irigiyceride
has beer shown %6 cecur in many other tissues than macrephages.
Adipuse tissue {Shapire, Chewers ané Bese 1957) liver slices
{Masore uné Felts 1957) and ceeites tumer cells (FL12erup, Hueni
and Mead 1960} have 511 been shown t¢ take wp e jabelled fetty
scid from fatty seid slbumin cemplezes., In the present experi-
monts up te 21% of the fatty scid added to the medium has buen
taken up by the macrephages. The ensymic cenversicn of the fatty
scid teo triglyceride snd phospholipid whick has heen shown te oécnr
in the ecells, would prebebly facilitate this upteke by transferring
fatty aeid to the water-inseluble phese. In fsst the sitvation is



similar to that deseribed by Shapiro, st.al. (1957) fer adipese

tissue incubated jp yitrp, where ready upicke of Fatty seid and

its ocenveraivn te trigiyceride has been shown to ocsur, slthcugh
there is no evidence ef converszien of fatty aeid te phespholipid
in adipcse tissue,

The enzymic conversien »f fatty aecid te triglyceride and
phosplolipid by mascrophages vegubres mers detailed etudy with intact
colls ez well as homogonates and sub-cellular compenenis. ¥or
instance the dsta presentrd in these expariments dees not indicate
the seuvuentisl pathwey of incorporstieon of labelled palmitaie as it
cnters ths mucrophege; bui us mentioned previeasiy this werk was
carriod out mainly te ostablich the presence of ssterifyivg or lipid
synthesicing sechanisma in the neevophiage. There have been sever:l
possibilities suggeetisd fer :fatﬁ.y seid imcorperatien inte triglycer-
ide and phosphelipid, Meny workers (Porgetrom, Borgstrax and Botien-
burg, 19%2; Stein ené Shapire, 1997} pestulsted ikat i liver, free
feity acid ia first incorporated inte iriglyceride and ihen itrensfer-
re¢ to phoaphelipid, Although ne specific mechanismms were preven,
they suggested that trans-estorificatiem might he invelved, Neptume,
Sudduth, Peremen snd Pesh (1960) showed that lebelled palmitate was
asre rapidly inecerprrated inte nevtrel lipid then inte phosphelipid

of rat disphrage and frem thess findings they pustulated that trigly-

ceride was © precurser of phosphelipid. Later however they reperted

thet they hed ineorrectly designoted their meutrel lipid fractien as



"triglyceride” and se their hypothesis proposed from earlier dats
was not tenable. In subsequent experiments with rat disphrogs
Neptuns, Sudduth, Cslodsin acd Bsish {1962) convimeingly dewen-
strated that it wes in fect the diglyceride frection which was
rapidly labelled at fivet snd with inerzesing incubation time, the
speeific sctivity of trigiyceride gradually appreached ihot of
diglyceride, They also showed that the fatty scids of digiyceride
vere turned cver et a much higher rete them these of the irigiy-
ceride, Finelly they demonstrated that the speeific astivity ol
diglyceride always exceeded that of the glyeerel phesphatides and
that the spscific activity of the phosphetides approached that of
the diglyeeride with inorsasing time of imeubation, They concluded
that their dats was in agreement with Kennedy's preposition (Kepnedy
1657 ) that dlgiyceride served as a precurser for either itriglyceride
or the giycerol phesphatides. The synthesis of beth triglyeeride
ané phospbolipid by waerephages, together with the appearance of
apprecieble guontities of diglyceride alse suggeste o patiern of
syntiesis similar te thet shown by Kemuedy ifer rat liver.

Ths small amount of wmonsglyceride foand in mecropheges is
poseibly due to the enzyuic breskdown of some of the triglyceride
with the fomation «f wmouo- end diglyeeride in addition to unester—
ified tatty seld. That lipese ie present in mecrophege howogenutes
has alroady been shown {lay and Herris 1960). However tbs pressnce
of these smeller units cannot ke cniarged upen. Within the ceils

there in surely au oxtensive turnover of glyceride components with
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the fatty acid units being shuffled about in response to the cell
requivements, Thelabelled fatty acid molecule either hecemes
esterified as a prerequisite for entry as it passes into the cell,
or is phageeytosed by the macrophage and becomes part of the fatty
acid pool either befere or after esterification. Therefore the
presence of labelled free fatty acid in some of the cell lipid
extracts could be accounted for as part of the free fatty acid
pool, the specific activity of which has increased after twenty
hours,

It is significent that e small amount of the fatty acid taken
up by the macrophages was incerperated inte chelesterol ester. It
is known that macrophages can bring ebout esterification of choles-
terol and the present finding thai exogenous fatty acids ecan be
incorporated into the chelesterol ester renders it likely that the
fatty acid compesition of the cholesterol ester, produced by macro-
pheges, can be influenced by varying the fatty acid available to the
cell, This work has been further investigated by Day et.al. (1963)
with rat lymph nedes., They showed that the chelesterel esters syn-
thesised by reticulo—endothelial cells in rat lysiph nodes were in-
fluenced by the type of fatty acid available. Where corn oil or
coconut oil was administered together with chelesterol, the fatty
aeid pattern of the cholesterocl esters synthesised beceme more wnsat~
urated or more saturated respectively.

The uptake of a cholesterol suspension by the macropbages failed

te influence appreciably the uptake of fatty scid and its incorpor-
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stion into triglyceride or phosphelipid. In other systems however,
investigators, have skbown that chelesterol iniluences 1ipid mets~
belism. Vay (19608} hes shown that the uptske of cholesterel sus-
pensiens by reticule-eniothelial ¢alls in rat 1ymgph nzdes was
followsd Uy triglyssride and phospholipid accwmiation, promal;ly
the result of syuthesis by ihke selle, The phosphelipid synthesis
thet oceurc in the arierisl wall (Zilveresmit, Shore ané Ackerman
19%4) is algo accelevatsd in cholesterei-fed rebbits as compared
with nermally fed avimals.

The physielegical sole of mscrophages regirding the uptake
and metabelism of fetty seids is not clear. Et has been suggested
(Juife snd Bsrmen 1928; Friedman, Byers and Bosmman 19%4) that
vetieule-endsthelia) cells in the liver are icvelved in the uptake
of 1ipid from the blood sné its subsequent metabolism. Ferhaps
macrophagss play a similer roie in the tissues, 2.5, the arterial
wall, a¢ lesst ae far as removing Zatty acide from the bleed ond
storing them s» cholesterel ester, glycerides end phospholipids,
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A, Ilaptgeduction

Having shown thet nen-esterified fatty acid can be taken up
and inceorporaied inte triglyceride, phosphelipid, cholesterel ester,
mone- und digiycerides by macrephages it wes comeidersf worthwhile
te investigate the fate of trigiycoride following its ingeatien by
these colls, Many investigatore have geported the uptake of irigiy-
coride wmlaiona by the reticule-ondothelial system (see p.G in
INTRODUCTION) and sems work hes alresdy been done em the oxidetion
of triglyceride by mecrephsges (Eﬁay 1960s),

"he experiments te be deseribad ia thie sseiion are cencerved
#ith the intreceilulor incorporeticn oi giyeeryl tri~{prinitate~i~
L¥c), follewing its upteke by mecrophsges incubuied in.MILiG. Gther
focets of triglyceride metalzlime by wmacrophoges have net heen invea~
tigated and enly a few experbzeuts were performed in owder & obitain
additional infomsation sbeut the incerperatien of evteritied fatiy

acié ns compared with uvesterified Iaily suid,

B, U 14

*

Sesentially the seme techulymes wore smplayed ue vhen palmitate~
1-1% wus the substrete, lHacvephagus (approximately 90 = 166) ware
inoubated with inpe &rip@imitin-l-“@ somisien {preparation described
on p.16) in MeCartney bottles ot 47° for twenty houre. After the

appropriate incubation time, the cells and medium were exiracted with



alochol tether (3:1 v/'-tf} and portiens of these lipld cxtrects were
counted Ly G.M, counting to determine the upteks sf the tripalmitin-
I-u'ﬂ. The results cre shown in Table 4, It can be seen that
there is smch variatien ia wptske of fgripﬂlnitin*l-nﬁ. batween the
different cell bhatehew whick were 2ll incubated fer twenty heurs.
Pravieus determinotions of the upicke of &;riyami‘&mﬂ—uﬂ at four
hours shewed negligible actiivity in ibe vell lipid extrnets, These
feur hsar itwu&stioﬁz ware not pursued furither due t¢ the amecunt of
tripnlnitirwﬁ;-'mﬁ reguiref to ineresee the uctivily of the feur heur
somples apd the radicsssey procedure (6., cmting) evallable at
that time.

In Table 5 vecovaries of Ml;' in cells end nedlws extrects are

MC udded te the

cxpressed on percentages of the tetal iripeimitin-i~
wedium ot the stert of tlie incubstien., The recovery in the cells
varies between 1.2 oné 10.5F anéd the mediwm exirscts, when cells

vere present, aceeunts foy sppreximately 71-76% of the label, The

recovery when 20 ceile were presest is 3835,

G. Fractiopation of Lipid Extrnets

Home iipid exiracts wers ‘ractionated by colwrn chremetegrephy
on silicic aeid iv order to exumine th? incorporatior of tripulmitin-
1*’““6 inte ciber lipid classea. Fige.(? eud 27 show the radicactive
peske obtalned in such soparetiens., In the cell sxtroets wmost of
the lebel hes vemeined in the triglyeeride Irsction with zome netivity

in the pbospholipid snd digiyceride Drections. In the medime extract



TARE 4 Uptake of Glveervl tri-(paluitete~1="’¢) by

Expt. No. of Cells e Ineubation BEecovery of
| Added eps Time (br.) 14,
Cells Mediunm
ops  cps
633 90 x 10° 1600 20 58 80
00 x 10° 1600 90 54 820
90 x 10° 1666 20 sk 830
0 x 16° 1626 20 72 860
GNA ¢ x 10° 1950 20 % 795
00 x 16 1250 20 21 768
90 x 10 2056 20 o3 820
90 x 16° 1859 2 19 99
90 x 10% 1590 20 52 825
G348 90 x 10% 1256 20 g2 815
90 x 10° 1290 20 132 0AS
90 x 16° 1250 20 9% 635
Yo cells 1940 20 - 1250



TASLE §

Bxpt.

£33

Jka

G4

64b

incubation * rucovery # recovery Totsl
Time (hr.) in cells in medivs resovery
(%)

20 %o %1.3 Bha7
29 Foh 51.3 58,7
20 %o b 51.9 533
20 4.5 53.8 58.3
20 2.8 63.6 66,4
20 1.7 61.% 62.¢
2% 1.8 6%.6 67.%
20 1.2 59.6 66,2
2¢ Se7 Bk 63.1
20 6.6 €5.% 71.8
L] 16,5 7%.5 &6.0
20 Vel £6.8 ThS
20 + 98.5 36.5

+ Centrol -~ Ve cells.



CPs
140

8- TRIGLYCERIDE CELLS

— 1

120
IIOO -
80
60

20 . FATTY ACID PHosvlnouPp
|

DIGLYCIERIDE

T
L VI v

T Ly ) T T T T T
FR.__M v 1 v ) VI
140 [ - TRIGLYCERIDE MEDIA

120

T

80
60
40

20 FAIT'rv ACID mchlc:moE

T T T T ' T T T
FR.. Il v . v LV Vil v
ldor

120k ﬂ ~TRIGLYCERIDE CONTROL MEDIA

I00
80
60
40+

L |

T 1 T i T 1 T U T T ]
TUBE 10 20 30 40 50 60 70 80 90 100 10 120

it
FRACTION__ Il | v A v Ve v v




cPS
140 - TRIGLYCERIDE
]

120
100
80|
60}

a0}

R PHOSPHOLIPID
20 . DIGLYCERIDE !
]

J
1
TUBE IO 20 30 40 50 60 70 80 90 100 10 120

FRACTION (_ Il , v v (VL vIE v




65.

(Pig.22) there is seme labelling of the diglyceride fractiens,
while wost of the radieactivity is present in the triglyceride
pesk, In the centrol medium the only label present is in the

triglyceride peak.

n. !I II|~AJ: —

Most of the label in the macrephage lipid extract is present
in the triglyceride fractien with enly small emounts of 1&0 present
in the diglyseride and phesphielipid peeks. This suggestis that
very little of the esterified pulnitate—l«“ﬁ was availalle for
esterification, et least inte phusphelipid er cholasterel sster.
However iay and Harris (1960) have previeusly demensirsted that
lipase is present in saerepiages se it would be cxpected that seme
of the i}tipallit:lm-l-uc entering the cell weuld be hydrolysed,
vith the releass of fres fetty scid. The mmll amount ef ' 'C-
labelled chelesterel sster fewnd in the medium could be due to
release of free fatty ncid frem the cell suriace followed by eater-
ification witk cholesterel in the medium,

It is evident frem Table & that & guantitative recovery of
radioactive material in the centrel mediwm (ne cells) ses obtained,
However, wien cells are imewbated with this medium the recovery of
label is significantly decreused, yet cnly a smail amount is present
in the celle. This less in radieactivity cenmnot all be nccounted

for as “092 produced by exidatien of the labgzlled triglyceride,
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beoause lay (19602) has previded evidence that only a smell amount of
tripalnittn-l-l&ﬂ giyveeride iv oxidised te EACQQ by wacrophages. It
is just es unlikely that such a gonsideradle smount of dabkelled mai-
erial could be loet so consistently during the extraction preocedure,
even though there vere many stepe involved, Ueosides the sxtractien
procedure has heen proved cusntitative with preliminary experimests,
and is borne ovt by guentitative recevery of the lakel in the centrel
wediww, The only cther vossible chance of lees was the removal of
triplznitin~@-ik§ smuision {loosely sttached tc the macrophage sur—
face} during the washing procedure preceeding the extractien of lipié
from the cells,

¥ith this in mind it is interesting te discover thet Flshech
(1962) werking with polymorphonuciear leucocytes from rabbit perit-

e 1abeled trigly-

eneal exudetes found a similer situstion with
cerides, o relecse of }kﬂﬁg wes found and the label did not sppear
in other lipidé iractions, suggesting thet triglycerides did not enter
the cells, but adhered to surfece wites, He concluded that 1ipid up-
take by leucecytes is appervntly selective, end not dependant upon
pinecytosis or phagecytesis,

The poesibility of 2 similer situation then arises with macro-
phages, However these conclusions are based only on negative evidence
and it is clear that there are many sspects of the metabolism of trig-
lyceride by mecropheges jn vitrp whieh require mere deteciled study.
Hewever the pursuance of these studies wouléd not fall within the seope
visuslised for presentetion of this thesis and it is hoped that more
investigetions on the lines discussed abeve will be carried out in the

future,
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A. I ' I i,, = g

It has long been knewn that fai may be {ormed after the

administration ef carbehydrate sr ¢f pretein to an animal.

In the metastolie cenversien of the sardsn steme cf glucose

te fatty acide, secetyl Celd ie knew: teo be an esaentiail intor~
mediste ané the carly wark of Gtedtmen sad Berker {10%1) showed
that twe cg unite condenge to form & C% compound, wideh in turn
condenses with snether Ci% wit te ferm ihe Cg seid, Lvidence
that the higher 7atty scids ef snimul fat comid be biesynthes-
ised from C, units, wes provided by Rittenbsrg and Blech (1948),
whe showed that beih cirben stoms of dewbly labelled scetie acid
were imcorporsted into the fatty acids. The fermaiien of leng
chain fetty seids from scetyl Cod, us matter whet the source, is
termeé lipejengsic and represents n de nove gynthesis, Spperently
a multi~enzyne system in invelved in elongetion ef the Iatiy aeid
chain, lowever, it is elss lmown that seme ef the very leng
chain fotty seids sen be built wp by the addition of & €, wait ie
a preformed fatty neid of shorisr chain lengib.

More recently the ezistence of twe aystems invelved in the
bicsynthesis of fatty ueids has heceme upparent. The walenyl
Ced incorporating system was earlier investigated by Uskil (19%8),
Wakil and Ganguly (1959) snd th: ensyme system was found te be

biotin dependant. Eesentlelly the same resulis were cbtained
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with ret liver (Brady 1958) and yeast systems (!.ynan 1959},
This eystem appears to be located im the seluble (“supormat-
ent”) pertien of the cytoplams snd is the system respensible
for net pzlmitate synthesis, wheress the ether aystem is present
ir the mitechondria wiish is the site of most of the fatiy aseid
oxidation emmymes. (Scubert, Freull snd Lynen 1957). Tiis
mitochendrial system could converi 2 -Heto, 2 -hydrexy and
o~ [Q-emaaturnted seyl derivativee inte their corresponding
satarated cosuterpsrte asd it has aleo been suggested that the
mitochendrial system is reapensible for lengthening the carien
chain of palmitate or of the pelyunsaiurated fatiy seid series
(Green and Wakil 1960; Waki) 1961).

The biesynthesis ©f cholesterol alse inwvelved the condense~
tien of C, wmits. Bloch end Aittenberg (1944) end Blech (1954)
shewed thet hoth cerben stoms of daubly labelled acotic weld
(_‘%ﬁﬁ“m end 1*‘?8.5150%11) were used feor cholesterel biesyn-
thesis in zet liver. Uinee then extexsive fnvestigations by
many workere have goatributed to (he wnravelling of the pathway
leading te ihe fermatieon ¢i chelesterel.:

In order o investigete further ike 1ipid synthesising

nechanisms of macrophages, experiments were cearried out using

1"%1-%11“ acetate as subsirate,



In these experimenis, macrophages were incubated at 379 in
20 oz, McCartney bettles with lpc of sedium acetate-1-1%C for
four hours. The technique used was siriilar 1o that described
in the previous sections, In order to compsre the total incorp~
oration of 1YC with the extent of labelling of the lipid, the
cells from paired incubations were lyepliilized, one af»ggeh pair
being reconstituted with water and counted, while the 1;;16 was
extracted from the other, Details of the procedures invelved
are described on p.27.

The tetal 1&0 present in macrophagee in all forms after
four hour incubation withlaodium acetate~l~;&c is compared with
the amount present as lipid in Fig,24, This represents the data
from Tive paivred exparﬁnonts.‘ The total 140 present varied from
265cps to E80cps, In four experiments, 97~31% is present in the
lipid fraction; in one experiment 52% of the total 14 is present
as lipid kg indiceting that @ considerable preportion of the
acetate taken up by the macrophages has been diverted to lipid

wetabolise,
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Te obtain informetien sbout the rete of incerporsiisn of
uoi;atc-l--m‘? into mserophage lipid, inmcubstions were carvied out
at verying time inteivals es deseribed en p.28, 30-50 x 19&
mecrophages wers ipeshated in silicenised Warburg eups with iSne
of sodiwm mcetate-i=''C for #, 1, 2, & and 6 hours, during which
the exygsn uptake was messured wsnemetrieslly. Alter incubstion

the cells were sepersted frem the mediwm, washed, and the lipid

exirected with chlorefem :methanel {2n v/v} and counted.

g

5, Tetal Lipid Specific Activity Peterminatisns.

The total counts in the lipid extracicd Lfrom macrophages
incubsted with a«M&a@@wMﬂ wors oxpressed fer the various time
intervals as ope/ug of tetel esterilied fatty seld, Yor this
purpose about 100 x 105 smerepbages fres eosch oxperimental bateh
were resorved for determination of total esteriiied faity eeid by
the mothod of Eters 2ud Shapire (1995). Ineorperatisn of acetste~
1-18¢ inte tetal lipid is shown in Mg.2%. It can he seen thet
the speciffiec sctivity incyetsed progrssaively with tine ¢9 & meen
of 500Ccps/mg after zix hours. Thie represents ebout . 4% of the
aeetate-1~1'C added €5 the medium which bed besn incorporated inte
macrophage 1ipid. The pattern of ivcerporetion of ceetate in
pelntion to time was similar in &1l experiments although the emount
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ineerpurated veried with different batches of cells. Fig.26 shows
the exygu: wptake ploited sgsinst time for the czperiments iv whieh
date related te 1ipid synthesis from scetate is reported. Tho |
¢ells took uwp exygen steadily at a rete of 5.(&;_»;@1‘/108 eslls/bour,
indisating that the cells remeined alive during the cxperiment.
Therefore; the flattening of the curve in Fig.£5 is net a decreased

rate of incorpspation of mﬁcﬁm&t—l-uv inte lipid due to cell death.

The total 1ipid extrsct remeining after a smell poriion had been
taken for counting purposes wes seponifiod oe deseribed s p.29. The
percentage distribution of ithe l4¢ between the nun-sapenifiable and
sopenifishle fractiens is shemn iv Fig.Z7 for the five time intervals
investigeted. Approximastely 80% was presemt in tha nen-sapenifiable
fraction and only 20F was present in the fatty seid fraction. This
éintribution of 19 d4id not vary significantly st the different time
intervale atudied.

¥, Eatty Acid and Chelesierel Specific Agtivity

The infemmetion presantod sbove which deuls with the pregortien
of raidicastivity present in the ron-sapemifichle and sapenifiable
fractions gives enly a rough idea ef the distributien of uC. Hore
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detailed information was provided by iurther purifying these nen~
ssponifisble and sapunifiable extracts.

The fatty acids present in the saponifiable extract were cen-
veyted te their cerrespending methyl-esters and frectienated by ges
liguid chromatography as deseribed on p.42, The specifie activity
of the cholesterel in the ncn~sapenifisble extract was obtained by
iselating the chelestercl on eilicie acid impregnated paper. The
chelesierel sone was sluied, a periion of thie exirsei counied and
the ekolestercl content xas determined on the remainder (ses p.47).

The rete of ineorperation inte chulesterel and fatty scid is
shown in ¥ig.28, The specifie activity ricee fo & meen of 8890cps/
mg at six bours fer chelasterel and of 680sps/mg at six hours for
fatty seid. It can beer seen ihat there is a wide variatior in the
axtent of labelling kotween i%xéividunl experiments vhick is evident
from the stondayd deviatiens pletied at eaek time interval, It has
been pointed out t&ltl. mainly cholesterel wos labelled with & smaller
amount of Zatty acid labelling ané for this rzasen it was net possible
to determine the specific setivity of ihe faity aeid ir all six experi-
ments as was Ghe case with chelesterel. The graph in Fig,28 given
for the mean specific activity ei fatty seid in relation e time,
wopr-nhﬁa 4he mean data from oemly three experiments, in vhich the
total 1ipid synthesis wes maximal. For this veasen the contrast in
specific activity betwesn cholesterel and fatty zcid shoulf he aven

more maviked than is inéiented by Fig.ZE.
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&, Labelliog of Glveerel

Freliminary experiments had shewn that glycerel wes labelied
to a very mpell extent as compured with the nen-sepunifisble end
fatty aeid fractiens vhen aeetate~i~''C was the substrate. It wae
neoessary thersfore to vse lipid extracts with liigher netivities
for glycsrel studies. Thus the extent of glyeorel lebeiling frem
acetate-1-%C s investigated in experiments in whieb the speeific
setivity of individuel fatty zeids wae determined. These experi-
ments are dealt with in the noxt cectien and it is sufficient to sey
8t this point that 20ne of maﬁmtewl-—“ﬂ wes ugod in eech Flask
instead of 10ne. After six hours ineubation, the cells from five
or aix ineubatien Ilacks were cwmbined in order to obisin & teotal
1ipié extract with & relatively high radicsetivity. ke glyeerol
wee isvlated as the tribenwoete (see p.32), dicsvlved in zleolel ané
counted by licmié seintilletien ceunting, Glyeersl determinetiona
were earriod cut before snd efter purificatise te theek lor any losses
incurred during the lengihy vrocedures imvelved end correction was
moce fer this loss, The incorperation ef acetate-1-1"C nto tipiéd
glycerel by maervphages is shewn in Teble 6. Seme labelling of glye-
erol gccurpod but the amouni euly scesunis fer 1-1.3% of the ssetate~

1k

1= C incorperated inte the istal 1ipid.
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Total Lipid Giyceral % ¢f Counte
incorporated
cpe aps inte Glyeerc!
1,050 2.8 1,2
11,000 - 187 1.2
£, BUR &9 1.8

15, 860 175 1.7




4, Ersetiepation of Lipid Extregts

Having shown thei fatty asid and chelesterel werc labelled
from acetate it wves next decided to inwvestigate the iype of major
1irid clagess inte wilsch the iabel had been incerperated., For
this purpsse some lipid extiraeis irem varieus experiments invelv-
ing macrephages and Higscetate were fractionated Ly poper chroma-
togrephy on silieie mcid ispregnated paper and alse by colwsm
chrometography on zilieic scid., Both of thess methods have been
discussed in previewe sectiens, Fiy.29 represents & radiecsutegraph
prepared frem & puper chrematogrem sm whieh & macrophage lipid extreet

14

(1abelled Zrom acetate=~i=1'C) and & mixiure of *'C isbelled stendards

have been separated, Mest of the 14

© ie precent in cholesterel and
triglyceride shich are eieazly shown as twe heavily lebelled spois.
Soms labelling of chelestercl sster and of fatty ecid wore alse shown
sn the rediosutegraph but avs uot visible in this pheiegreph.

These findings wese confdrrad by column separation of the macre-

phege 1ipid extracts (Pigs 3¢, 31, 32). This meibod gives mere

queniitative informatien regerding the élstribution of ''C between
the variens lipid frastions. Again the ulk of the ihﬁwﬁe“@eucé

3ipid is present in the iriglyceride snd chelesterel fractions with
smalley smounis in the chelesiarel ester, free fatty seid snd d4i and
menoglyceride fractions. Apprecivkiec inbelling of phosphelipid was
alsee demonntyated, Hewever by calowlating the rumber of counts in
the chelestorel peeks and ales in the esterified fatty acié peaks it
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became obvious that the distributions feund by celuman frastionatien
are viriable and differ frem the percentage distributien ¢f counts
founéd in the non-sapenifisble and sazponifiable fructions after sapon-
iticntion of the total 1ipié ecxiraet. In seme colum sepsrsticns
(e.g. Fig.}@) slmost half the redicactivity is present se eeterified
fotty acid ené ibe sther helf is presend in the chelesterel fraetien,
However there is spprocieble variation in the déiffevent oolunn separs—
tionas as te the percentage disivibution of eounis aw shown in Figs.3
and 32. The reason for ihese snemclews findings is net apparent,
Samplea 27 both aliceiol tether amd gshlorsform methanel extracis ware
used both for fractienmatien em celmmns e well as fer saponification,
s0 that the differences weve not due o different eztruetion pro~
cedures. The reprodueibility of the saponificetior procedure has
veen woll atsblished ss desoribed in the Mothods sectien (p.29) and
goed vecoverios niter fractionstion ¢f 1ipid semples by column chrema=
tography have hesn achieved. fiawever no qantitative interpretstions
have Begn bosed on citherdhe colunm separations or the sepenification
geta, The cenclueiene { dipcnesed later) concerning the relative
jabelling of chelesterol and leity ecld from ueot&t@~1u§kﬁ wore made
from messurements ir speeifie eetivities which were obteined by purifi-

caticn of the cholestersl pvé fatty polé in the nen-seponifiable and

sapevificble Iractiens respectively,
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The exygen uptske, vhich was constant feor the six hour period
ef itnoubation indieated thei the cells were in v steady metubolic
state duoring this time, Other workere have reperted exypen uptekes
shick compare closely with the rote founé in these experiments,
(Harris onéd Bavclay, 19%%; Stcbelin, Karneveky and Suter, 1956;
Pavillard sné Vowley, 1062}, The uptake end incerperstion of ihe
two earbon unit, sediwm sewiste, into 1ipid by meerephages jn ¥iiie
indicatss that these ceils hisve the mechanisme necesséry for them to
syathesise lipid from smaller wnite, These findings sculd merely
inéicate general lipid metsbelism of the cells, ar ¢lse the patiern
of ineerporatien may represent 2 special fusctiosn of the macrophages.
Under the experimentsl cenditions reported, about U.15 of the ueetate-
!.-N"C f1 the medius was cenvevted to lipid hy the cells after thirty
winuntes ond 0,47 sfter six beurs inowbation, lMuve valid howover is
the preportien tsken wy end chanueled inte lipid synthesie. The

results show thet vp te & third of ihe acataﬁ;@mi—l

b taken up was
converted inte lipid. Thie converaien t¢ Iipid seema (o be higher
thar that reported for other tissues, Holdswerth end Xevilie (1963)
for exsmpie using sheep heart preapsvuticns incubated with M&i’*lnbollod
acetate ip witre heve shown that less thaw 15 of the acetate that is
incorporutsd inte the proparaiien is present es leng chein fatiy ceids,

the bulk of the eecetsts being incerporeted inte nen lipid prodmeis.
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Fopeibly then, the bigher conversieon of acetate to 1ipid found in
mecrophages represenis a mere specifie function of these culls
vhioch is of grest intevest since they zppessr t¢ be invelved in
the 1ipid metabelime in ctherems, |

The distribution of label beiwsesn the chelestereol and fatty
scid fractione is also of imtevest. Omly 207 of the tetal iipid
1abelled is present in the free fatty scid frection. Ib sentrast
pelymorpho-puclacr leucocytss vhiieh have slox bsen shewn to uynth-
enis 1ipid from acetate, (Pastore znd Lienetti, 19%9; Hlebach 1999;
Bbarre ené Karnevsky, 1960) channel most of the scetete to fatty
acid, (Fastore and Liemetti, 1999). & mere impordent censidera~
tion is the comparisen between the epecific astivities of choles-
terel end fatty secié. ('Pemmell, Ottelonghi, Malkin, Dendstedt
and Herré (1998) demenstrated thie biosynihesis of faity smeids snd
cholesterel in wmonocytes ohtained from the plouwral cavity of
rabbits. ltheugh they demenstirated 2 grester cpecific cetivity
of labellied fatty scid thsm of cholesterel it is not posaidble te
calculate the properiion of Mﬁ-lﬂm&!eﬁ gsestate directed ints the
zoneeyte lipids frow tizir resuita., The walatively higher activity
iz the cholesterel Irsctien found in wacrephages indicates that the
maller chelestsrel ool is turning ever wueh wore ropidly than is
the faity seid poel. Uome labelling of lipid glycerel hes eecur-

rod, but does not represent a significent msount.
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The chromatogrephie investigations indicate that most of the
labelled lipid is present in the iriglyceride sud cholestereol
fractions bui that seme lab2lling of cholestersl ester snd phos—
phelipid seours. Thewe findings are consistent with the qualita~

tive information found in the studies using 14

C~labsiled palmitic
neid. Again, west of the fatity neid which hes been labslleé hes
been directed inte trigiyceride molecules and do & fair degree inie

the phespholipid frsetion,
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A, Iptreductien

The investigatiene with scstate-1-1*

¢ end macropkages des~
eribed in the precesding szetion were extended in order io obtain
infermetion asbout ilic types of falty ueide preeent in mecrephages
se well as the lsbelling ¢f individuel faity aecids. These experi-
ments were cerried out with 20ue of uGﬂlnbnu»oé acetate using the
sime technigue au deseribed in the last section, After ineubstion,
the celle frem six inevbativn vessels (ziliconised cimical fleaks)
vere cembined ané the Iipid extrected. The tetsl 1lipid counts
were obtelned snd expransed as cps/mg triglyreride fatty seié sné
aftor saponificetion of ¢he liplé extracts the metihyl esters of the
fatty seids were prepsred (see p.42). Individuel pesks were
collected in the caleium ehleride tubes containing eoiten woel
sosked in light petreleum cnd the ares of caeh pesk was deterwined
by trianguiation and tke specific setivily expressed as cps/mg of

fatty asid,



B, Eatdy Acid Presept in Macrepheges.

4 typical fatty veid pattern of the mscrophage extrect is
shown in Fig.33. It comsiste moinly of peluitic acid with cen—
viderable amounie of iineleic, oleic and stearie aseids present.
Smaller smounts of lawrie, myristie, myristoleic snd pelmitoleie
scide were aluo foumd. Teo unidentified pecks with retentien
times of .70 gnd O,88 relative to palmitie azid were olse demen~

strated in sll the extracts chromatographed.

C. Labsliing of Waerophage Fatty Agids

Fig.34 shows the wean percentage distribution of fatty eeids
together with the meen percentage distribution of counts, following
incubatien with nco@ntc-lmui?;. lionst of the ncetste hse bsen ine
corporated inte palmitic and sleic seid =fter six heurs incubotien
but eppreciable Iabelling ¢f stearic cnd uyristic seids hse slso
oceurred, with lese incexperation inte lincleie and peimiteleic.
Very 1little ¢f the scetate bas been ineorporated into leauric acid,
A msen of 11.5% of the acetn@@a-lﬁnﬁ hes been incorporated into
uyristée acid even though it constitutes only 1.4% of the fatty

selids present in the cxtraet.
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Information ehout the specific aetivities of the individual
fatty acids ebtained siter incubating macrephages with ke,
labelled~ncetate for six hours is shewn in Table 7. 35 e unit
of measuremsnt, the specific activity of palmitic acid at six
hours is taken ms 1 and spocifie aetivities of the sther fatiy
ocids expressed in relatien {0 this figure. kean figares cal-
culated on thie basis are ziven fer the six experiments perisrmed,
Steariec, oleic snd peimitic acid have clwilar apeeific redloactivi-
ties after 2ix hewrs incubstien with Mﬁwhhllté—antata. whereas
lineieic acié is lewer than palmitic and myristie seid cencider-
ably higher than palmitie ecid.

E,

The speeific nutivity of cach individusl fetty meid wos alse
obtained st varieus idwe intervals kut in crder 4v cbiain 2nough
activity for snecific anetivity deiemmivatisns, macvophagua (%0 x
106) were inenbatsd in silicenised comfcel flasks with 5Uue of
ncntatwl»“(} for &, 1, 5 and 6 heurs. [Duplicate flaiske were
prépored and cfter incubstion fer the apprepriate iime, the cells
vere combined and the 1ipid extracted with chlereforw:methionel



TARE 7 Spegifie Activity of '*C-lsbelled Fatty

igide Relative te Polmitie Aeid. Mean of
pix experiments with the stendard deviation

of the moan is given.

Fatty deid Belative Speeifie Activity
Yyristie 7.5 (2.2)

Palmitie 1.8

Falmiteleie 2.7 (0,3)

Stearie 1.1 (0.3)

Gleie 1.1 {(0,7)

Linoleie ¢4 (0.9)
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{2:1 v/vj. Gas liquid chremstegraphy was carried cui, the peaks
measured and eollected as deseribed previsusly.

The rise in ppceifie sctivity of the individual fatty acids
in relotion te tiwme ie showm in Fig.35. Myristie seid is repidly
lekelled and is siways cbove that of the other fatiy scids.
Pelmitic seid rises next while steuric scid rises more slowly
but ecubsecuenily rises abeve polmitic acid. The specific set~
ivity of stearie acid is abovs that of eleic acié sver the whole
time range studied; lineleic acid is not markedly labelled whenm

compared with the others snd stays low for six heurs.

E. Discussion

The fetiy scid pstterm of mucrophages is similar to the itype
end propsriice of fatty aeids present in vebbit leucecytes,
(E1sheck 1999} ané does not seem te present sny unuswal features,
The mocrophage exiracta de coniain were peimitic a2cid snd lecs
1ivoleie secid than wes the case with the leueoeyiec cxtracts hewsver,
The incerporation of nea@utvl-uﬂ {nte palmitie, oleie,
stearie end myristie seids indicates & relatively rapid turnover
of these fatty secide ond this is perticularly true for myristic,
iilesh, Baronowsky, Geléfine, Lenners, Light, Norris and Scheuer-

srandt (1961} bave pestnlated ae ene pathwey of biosysthesis of the
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mena-assaturated fatty acids, a scheme invelving dessturetion of
the ecorresponding zaturated fstty aeid, The obeervation made
fvem the labelling pattern im thease experimenie is censistent

with the seguenes of labelling,
palnitie —> steaxie — ¢leic seld

vhich is in agreemen? with Hleeh's postulate. Other werlers

bave reported differert pathways fer ihe syntheosis of wene~
unsatursted fetty seide in cortain other tinsues which tekes place
independentiy of the cerrespending saturaied fetty acid {Jomes 1962;
Getx 1962},

Veed and Howten (1960) smd Mewé (1960) olsc suggesisd that
palaityl Coit giver rise to the Jomger chain sstwruted iatty ncide
end the mopu—ucsstureted fntty zeld series Wt it is passible that
there sre twe sopertte ensyme petbways invelved; ene fer palamitate
synthesic de_ueve from acetyl Lol ené epotber for the pdéitien of
seetyl wits te palmitate and other leng chain fatiy seids. igeoré~
ing to Fead {ses refersnces abave) the more saturzied fetty weide
gan give vise te & lesd sstursted meries bui the revers: process
doee rot ceeur. Here detsiled study however is reyuvired befere it

i@ poseible te epreulate o the involvement ¢f varicus pathweys in

weerophsges.
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4,  Introduction

The possibility thet macrophages are concerned with phes—
pholipid eccummulation in the arterial wall in atheroma is ol
special interest in these current investigations,

Shore, Zilversmit ond Ackermen, (1955) and Zilversmit
and McCandless (1959 cdemonstrated that phospholipid is actively
synthesised in the arterial wall in Loth e¢xperimental an¢ human
atheroma, Day (1962) then showed that in the arterial wall of
rabbits with ecuivaslent lesions to those produced by the sbove
workers, all oi the phosphelipid was present intraceilularly in
the intimal macropheges., “imilar observations were made by
Dunnigan_(lﬁbé} #he found that phespiolipid, when present in
human atherosclerotic plagques, was ijocalised within macrophages,
in interesting feature of the experiments concerning the uptake
of sodium palmitate-l-;ﬁd ané incorporation of aeebate-l—lhc into
macropbage 1ipid was the consistent iabelling of the phospholipid
fraction, This information together with additiensl evidence
that macrophages incorporated glucose-l-lLC into phospholipid
(described later) indicates that macrophages bhave the ability to
synthesise phospholipids, Jiore detailec¢ iniormation concerning
the rates of synthesisz end types of phospholipids present in
macrophages was obtained by studies in which mecrophbages were

0 '
incubated with ““P-labelled orthophosphate,
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Anproximately %G x !06 cells were incubated at }?o with
66-BCue of *“P-labelled orthophosphete in siliconised “arburg
cups for 1, %, k, 6 and 17 heurs, during which time the oxygen
upteke was recerded. ifter incubastion the cell lipid was oxtract-
e¢ with chloroform:imethanol (7:1 v/v) aud the extracts made up to
tex ml. Half w1 poriions were taken fer scimtillation counting
and one ml portions for determinatiocn of the phospholipid phos-
phorus. In this way the rise in specific aetivity of the total
phospholipid, expressed in cps/ng lipid F% wag obtained over &
time period and is duwonstrated by the curve im Fig,36, This
curve shows the wmean specific activity of seven experiments toge-
ther with standevd deviations, VFrom 12,9 cpefug lipid P, ot 1
hour, the srecific metivity hes risen to 110 cps/ng at =ix hours
but starts to fall off aver the vext six hours, it is interest-
ing to note thet the exygen uptake which wes recorded aslso ztarts
to fall off after six hours and this date is given in Fig.%7 in
which the mean oxygen upteke is shown with stendaré deviations
expressed as pmole @2 per !Gg ¢elle ot various tiwme intervels,

It is apparent that the resniration rate¢ recorded in these

experiments is similar teo that already dewensireted previously

{Fig.26).
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“.
. Separeties spd Identification of Lobelled Phosphelipids

The remainder of the lipid extrect after counting and phos—
phorus tnalyeis vas divided ints twe equal portiems end chrema~
tographeé by paper chromatography {see p.37). ¥ith such investi~
gations, a portien &f the extraet containing appreximately 16~20ng
of phesphelipié pheepliorus wes aprlied in = line one ineh wide at
the erigin, feur seuples being lesded onte each papey., After
develoguent, the papers were cui inte strips 11" wide and sesnned
on & Nuelear Chicage & T Setigraps Paper Chremategreph Scanmer in
erder te determine the distribution of rodicactivity in each apet
separated.

The identification of the ~~P-labelled phospholipids separated
by paper chromatography consisted ¢f three stages sll of which have
been deseribed oa p.%5. The resuits sre discusseé am follews,

A comparisen ef the Rf valwes of the labelled phosphélipids with
the standards is chewn in Fig,. 58 vhich indicates that spet 2 may be
lyselecithin s ineeitsl phosphatide; spet I runs with sphingouye-
lin; spot & with leeithin and spet 5 with the "cephbalin® mixture,
No standarde were available =ith which to compars Rf values of the
otker icbelldd pheospheliipids.

The remulte of speecific staining reactions are alss shown in
Fig.38, ¥ith such fnvestigaiiomns a portien of the extreet cenmtain-
ing appreximately L6~3Ung of phoasphelipid pbospherus was applied in
a line cne inch wide at the origin adjacent to anether cne inek iine
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loaded with the appropriate msrker stendard. Three such chremete-
grams were developed with diischbutylketene incetic aeidivater (406:25:%)
and ihen dried st room temperature. One paper was then stained with
Rbodemine 66 (detests all phospholipids under ultre-vielet light);
enother with 0,9%% nimkydrin te detect amine containing phosphelipids
and the rewainder was stained with the cheline éetscting sgent (phos-
phomclybdete tatanncus chloride). From Fig.38 it coo been seen that
spote 7 and & gave positive coler tests for cheline snd spot 5 geve

6 positive yesciien to ninhydrin, The technique &f sechrvonnte=
graphy {deseriboé on p.38) was next performed which cenfimmed the

identifications. (i

The identification of radionctive bands 2 and 5 are \mxithwhih
diecussing heve., DBand 2 did net contain sncugh material Ls), give a -~
spot test upen sbeining with either three of the eelor “«mpnu. %r
compering its mobility with thet of the standards, it could Bot’ ha A
distinguished from inositol phosphatide or iyselecithin, Ihieh mn\w
lopped wien devalcped witk this solvent system (diisebutylketone: \ _
scetie coidiwater (4012512 w/v/v), Cochromotography wee carricd out
with both lyseleeithin snd inceitel phespistide using the seivent
system deseribed above but in the proportien 40:30:7 as well ee
40:10%:%. Thie system more adequately separates (under the condi-
tionw found here) inesitol phesphatide from lyseleeithin and alse
phosphatidyl serine frem phesphatidyl ethenolamine, Siuiderly,

spot 5 whiek could have been either phosphatidyl serine or phon~



phatidyl ethanolemine ascording to its Ef value (when using the
solvent in the retic 40125:5) sad staining reection, wae cochromate~
graphed with phosphatidyl serine or phezpbatidyl sthanelamine we

ihe reference phosphelipié weing the solvent system in the ratie
£0:36:7, OUn this basis it can be esnoluded that phesphetidyl
ethenolamine was labelled but med phesphatidy] serine. {see Fig.
598}, However in zome extractis, & second unldentified radlocactive
spot was present, which rem tbeve the phosjiiatidyl ethenelamine, ae
shown in Fig.39A.

Thue results of cochromctography of spet 2 with the iwo ref~
erence tempounés lyseleeithbin ez inesitel phosphatide im showm in
Pig. 40, Thus this labeiled spot ves identified as inceitol proe~-
rhatide. fSpoi 1 ené §, whieh centeined exall snd serevhat verieble

counts (and in souesextracis net deteetable) wvere vot identified,

The percentage distribution of counts betwoen each cemponent
ip reletien to time was obtaimed after chromatogrophy end sesnning
the paper stripe. The cecem chown in Fig.4l is representative of
the seans cbtained from various experiments, Aftsr deteraining
the peek areas the percentage distribution wae celoulated mud ip
ghown in Table &, When esch spot is considercd individually fer
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the time period investigeted it can be seen that the pereentage
distribution of counts of spets 1-6 did not vary significently
with time, Spet 7 however did fall off frem 8.6% et ene heur
te 0.5% at zix hours. Although mot pesitively identiffed, it
wae the fastest moving apot and was prebubly phesphatidie acid.
Spot & (leeithin) conteined 60+79% of the label; sphingsmyelin
(spot 3) veried Letween 9 and 15%; phospbatidyl ethsnolemine
(spot 5) contained 3-i% of the label snd between 5.2 and 7.4%
was present in the incesitel phosphatide spet.

z-mﬂunm

b 7 - G

The rise in specific setivities {(cps/mg totsl lipid P‘J) of
the individnal phespholipide in relation to time are show: in Figs.
L% epd &3, 3zp vas inersusingly incorpereted into lecithin,
sphingomyclin, phesphetidyl ethanclemine ené inesitel phosphatide
over the time peried studied. Lecithin wes labelled move vapidly
than the other phesphelipide ané ot vix heurs hed o spesiiic aet~
ivity of 97 cps/mg of tetal iipid P, cempsred with 12,5, 6.7 and
4.} eps/ng lipid P, for sphingemyelin, inesitel phosphatide and
phosphatidyl ethenelmmine respectively.
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F, Effect of Cholesterol and Carbon Suspensions on the
Incorporation of *?P into Phosvholipids of Macrophsges

It has been suggested (Zilversmit, Shore and Ackerman (1954)
Zilversmit and McCandless 1959) that phospholipid is synthesised
in the arterial wall in response to accumulation of cholesterol.
This phenomenon has been explained as a mechenism for disposing of
large quentities of unwanted cholesterol by cells, This is achiev~
ed by forming phospholipid/cholesterol complexes which are more
water soluble than cholesterol alone and are therefore more readily
dispersed in the various body fluids (Dixon, 1958; Ladd, Kellner
and Correll, 1949). In experiments reported clsewhere (Day, Gould~
Hurst and Wilkinson, 1964) it has been shown that cholesterol sus-~
pensions taken up by macrophages jin vitro is incorporated into 1lipo-
protein in the medium more readily then where such uptake does not
occur, The synthesis of phospholipid in response to such uptake
and its role in forming soluble lipoprotein complexes with the
cholesterol would explain such a dispersion,

In order to obtain some information ebout the effect of chol~
esterol on phospholipid synthesis by macrophages, 2.9mg of choles~-
terol suspension was added to the medium in one uf of a triplicate
series containing 80ne of 32 phosphate, 50 x 106 macrophages and
2.4ml Hanks' serum (2:1 v/v) and made up to a final volume of four
ml, To observe whether the act of phagecytosis has some effect on

the rate of incorporation of 32 into phosphelipid, 2.5m; of carbon
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partieles (C11/1431a: Gunther Wogner, Hanover, Gormeny, purticle
sise less then 500 § ) was included in enether series, The third
(control) series contained meither eh.lutorol';:or carken suspensien,
Incubations were carrvied eut at 7% in Yarburg cups fer 1, 2, 4 end
6 hours ané the oxygen uptakes recerded. That carben periicles
are phagoeytoned by macrephages is well known and it hae alse beew
shows by Day (1961) that cheiestercl in suspension is takso up by
these cells under similer conditions to these reported in thie work,
Yrom Pig,44B which illustrates the exygem uptake rocorded in
cach of the threc seriss, it ¢in be seen that the presence of 2.Jmg
cerbon signifieently increased ihe oxygen upiskec over that of the
control series but however killed ilie eells after tws hours. Chol-~
entere]l did not significantly slter the oxygem upteks, sltheugh some
deerease in metabsiic setivity is evident after four hours. The
effect of the premsence of carbon und chelestersl en the incerporation
of 32 into phoaphelipid is skewn in Fig.hdA, Cholestarel, which
did not eignificantly alter the exygen upteke, hus Lowever stimulated
the inecerporation of 2p inte muorephage phosphelipid. Uf consider-
able interest is the 7act that the presence of 2.5 mg earben olthough
it has a maried effect on the respiration rate, hes not significantly
altered the labelling of phespholipid up te the tws hour period befeore

asrrest of respiration.

4 similar series of experiments were next performed exeept that

in the carben treated seriss, O.%mg of carbon suspsneion was used
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instead of 2.5mg. Thie wes considered to be a betiter contrel,
pince it did not kill the cells as did the presence of Z.%mg of
carbon and the respiration response cheerved in the cells wap
po different to that observed when cholesterel {(2.%amg) was pre-
pent (see Fig,45B). Thus conditions were prodaced nn@?r whieh
the incorporstion of 32 inte phosphelipid conld be siudied inde~
pendantly of differences iz the respirstion rate,

In esch experiment the specific activity ¢f the centrol
run ot zix hours weae taken es 100% and the spacific aciivities at
the other time interveals ané of the time interval in the runs con-
teining carbon and cholesters! respectively were expressed in
relation te this, The mean of three experiments is show: in
Fig.h5A, in these experiments there wes some loss of metsbolie
petivity sfter four hours in ihe incubations to whick the cheol-
esterol autpennién hed been afded os cvidenced by o reduetion in
-oxygen uptake, H@wwvar;éuring the totsl period of incubation,
the rete of incerporation af 32? into phospheliplé wes about thirty
per cent, fsster than in the centrol or im the preparation centain-
fng the carbon suspension, The aversge rvates of inereose in speci-
fie mectivity up to ihe various iimes of messursment werc snalysed
gtetistically on & logarithimic mcale, Analysis indicated that
changes in the everage rates of incresse at different times were the
same for all these treatments and thet there wers no zignificent
differences between the twe controls. The averags rate of imereuee

iv specilic activity eas siguificantly higher hewever for the choi-
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estero! treatmenti than for either contrel (p<i,1%).

The effect of the uptake of cholesterol on the percentage
dietribution of radicactivity between individunal rhospholipids
as determined following peper chromatography and scenning is shown
for one experiment in Table 9, The percentage distribution of
counte ip the various phospholipids at the different time intervaels
is essentially the same, whether cholestercl has been taken up or
not, sc that although the total phospholipid synthesis is increased
as & result of cholestero} uptaike it appears thet such increase is

ghared by all iractions,

G,  Discussion

The phospholipids of wacerephages which ‘ere labelled with
3% in the experiments described sbove were lecithin, sphingomyzlin,
inositel pheﬁphatide,‘phmaph&tiﬁyi dhenolenine anéd probably phos~
phatidic acid. It is interesting to find that Karnovsky end Wellach
{1961) have frectiorated phospholipids synthesised by polyworphe=
nuclear lencocvies amé idontifisd the components as phosphatidic acid,
phosphatidyl ethanolamine, inesitol phosphatide, yhosphatidly serine,
lecithir end sphingomyelin.

The metabolic response to the additien of particulate matter by

wacrophages is of pabticular interest in this work, Some comparative
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ohaervations ¢n the reepirstery ral: of varieus phagecytes have
heen made by ceveral workers and the results have been swmerised
by Harnowsky (1962).  During phageeytesis, respiraiion increnses
abeut 2.5 feld in pelymerphe-tuclesr lencoeytes, 3.5 fold for mone~
cytes and enly abeut tweniy per cent, fer alveslar macrephages,

”’c-hhll-é glucose was also

The expired 1400, 1iberated from
neasured at the resting level eor during phagreytesis in cach of the
ebove mentioned phagecytes ané it was Jound ihat in mereeytes und
aiveolar macropheges no changes in iiberetion of u@% ceeurred
during phspoeytesis,

In these invesiigatioms the peritoneal macrepheges of rabbits
demonstrated s: ineresse in respiratien when 2.%mg of ecorbon was
present, dut not whes 2.%mg of cholewterel or U.%ug ef carber sus-
pepaion was presevt, it is o be ramembered that thewe cells wore
horvested in meponse to liquid paraffin, Stehelin, Scier and
Kernovsky (1956) found that differences in 40, of leucocyte colls
vere dopendant on the irritent material used to elieit thy sxudete
and alse on the time vhich had elapsed between injection of the
irriieut snd collestion of the eells. The ingestion of parafiia
by these cells has possibly stisulsted their meterolic setivity to
¢ mnexiwum end slthough mall emeunts of chelesterol end carben
(when present st the lowest econcentratien) are token up, they de
net nf!ﬁc@’. the respirstion rate further.

It is net clear why the presenee of higher concontretions eof

carbon caused incressed respiration and then arrest in respirstion,
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Perhtaps clmping occurred which inereseed the particle sisze and it
is known that large doses of carben suspensions will black phago-
cytesis,

There are twe other aslternatives which mmat briefly be
considered. It i» poesible that cholesterel dese net illicit a
reapiration responee becamse it is not phageeyiosed Ly the maero~
phage but is merely abseried sute the oell surface mnd im this
situation still provekes the stimuletion of phaosphelipid synthesis,
Although Dey (1961) bas demsnstreted the esterification of cheles~
terel by macrepbages (intaet cells) it is poseible that suck ester
formotion wes the result ¢f coll surfaee scting cnzsymes. & more
sntertaining hypothesis concerning perticle size can be considered
iz an attompt te explain the negative respiratien response induced
by warbon. The particle size employed here was less then 506 2
end at this size it might net stimulate netaboiie ectivity, although
it is phagocytosed veadily, There is sowe evidenee to support this
suggestion, Streuas, in & persensl cesmnication te Keynevsky
(1962) reported thet she was able tc demensirate & respiretion ros-
ponse in leucocytes which was prepertiemsl te the particle sise of
the polysiyrene apharules when used within the renge of 0,%% te
1.2 in diemeter. ¥ith perticles lese than 0.2n iz dismeter me
respiretion response sccurred at all, Porhaps a similor situation
gpplies teo mzorophages since the carben partieles were less thanm
500 8 (1ess then .0%n) in diometer.
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Although there iw ne other infermation concerning the types
of phosphiolipid present in macropkages or cencerning the syniheuis
of phospholipids by these cells, there have been many reperts in
the literature about lipid synthesis in polyworphenuclear leunce~
oytes, Elsbach (1959} demenstrated the synthesis of lipid Zrom
mﬁ-—lab«ailoﬁ neetate by these cells and was also able to show that
ghagocytosis of becilli etimulated this synthesia, Siwilarly,
Sbarra and Karnevaky (1960) demonstrated an imereasid incerperation
of acotﬂt«l—“c into leucecyte lipid wien using inert pelystyrene
latex spherules. - lMore relevant is the increased incerporstion of
?p into phespholipids of polymerph¢-nuclear leucecytes ns showm by
the sbove authors and iu mere recent werk by Earnevaky snd ¥ellach
{(1961), They ussceiate this stimmletion of phospholipid synthesis
with the maoufoectuvre of nev membrane reguired <o enfold the ingestod
particle,

These aspecte ¢f phagseyiosis slthough welevant to the present
discugsion do not fors the subject of this investigation, Under
the conditions reported above, it wss showm that phesphelipid ym-
thesis is stimulated by chelesterol hut met hy carben, It is
possible then that phespholipid is syntberised in rezponse te chol~-
esterel accumulation, which has slready noca suggested sarlier as
being one wey for dispersing large amsunte of unvanted chelesterol,

The separation of individual phospholipids has demenstrated
that the label is dietributed mainly te lecithin and ioc a lesser

extent to sphingomyelin, It has been shewn that sodium pelmitate~
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, 18

G is ineorporated inte thece twe phosphelipide by meerophages
and it is of interssi te point eut the relatisnship of these
observations ic phosphelipiéd accamulation imn the erterial wall
in atheroma. lcCandless snd Zilversmit {1956} have shown that
lecithin and sphingomyelirn are turned over by the siherematous
arterial wall at a mere rapid rate then is “cephelin" whiie ciher
workers {Smith 1960) have demonstrated thot the inerease in phos-
pholipid centent ef the atherewatous artery is m2iniy dwe to en
incresse in the sphingemysiin level, Adems and Heyliss (1963)
and Admws, UYsyliss and Ibrekim (1963) bave alee shown by biste-
chemical weens that in expirimentsl and humen stheroms sphin~
gomyelin is precent as the major phospheiipid but they censider

thia to arize frowm elastic tissue breakiown rather than te macre—

phage asctiviiy,
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A. IpSretuction

Animels which sre fed @ a fat free diet deposit Zat iz the
tissies and therefers musi synthesise i¢ fvem carishydrate as the
wajor carbon svaree. In sn cariier sectien in this thesis it wes
reporicéd that wecrophsyss incubeted in viire ceuld imcerporate the
¢, unit scetate-1-''C fnte 15pid mnd it wes shewn that fatty acids
ené chclesterol were prominsmily Labelled during much experiments.

#heu sensidering carbohyirate as a scuree of sarbon for lipid
wanufacture in eny tissue it must be vocegnised that there sre two
possibilities of coniribution. Tither cartahydrate cem be cen-
verted to fatty scide and sterole or slse it can be converted to
glyceride=glycersl, The extent of centribution in either direction
will obvieusly be dipendent om regulaiory precesses impesed as part
of the internsl oy externs] emvircnment, Some of these sapects will
now briefly be discussed,

The coupling of carbehydrote sxidation with fatty aeid synthesis
has been recezuised for some time lut Stetten and Bexer (1044) were
the first to sall attentien to the quantitative signifieance of ithis
conversion in the normel snimal. They showed that in the vat fed ou
8 high carbshydrste diet epproximstsly ten times us much dietary glu~
cose was used te synthesise fatty scide es wem weed for the synthesis
of glycogen.

4 study of the synthesis of 1ipid undor ebnormal conditions,

such as in the diabetic, depancreatised or alloxan treated onimals has
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helped in understending the inter—-relationships of carbohydrate
metabolism and lipid synthesis in normal animals, The importance
of lipegenesis is illustrated by the fasti thet liver preparations
from disbetic animalsz are unasble to synthesise fatiy acids although
they are capable of oxidising fatty acids te ketone bedies. Ii i»
Imown that in the diabetic enimal the conversion sof glucoss te
 glucose-6~phesphate is markedly depressed. [ewever, when carbe-
hydraotes that can enter the glyeelytic pathway ond be exidised

(t.g. fructose and ;lncou*&ap&w%phatl) ere adwinistered the diabetic
‘thty geidas, The effect

[\
of fasting or restrieting the caloric intake siops the deposition of

animal regeins its ability to synthecis

fat in animel tissues (Boxer ané Stetten 198k). Livers taken frem
rats after a 24 hozr fast shew 2 diminished ability t¢ synthesise
fatty ecids in_vitre frew buth > ’C~lsbelled glucose end scetate
(Masoro, Chaikeff, Chernick sud Felts,1950; Hieeh 1948).

Altheugh there is ruch inforwatiem lﬁilnblc regarding the
incorporetion of glycerel inte iriglycerides and phospholipide, there
seems to have been little investigation inte the origin of the
glyceride~glycerel., The carliest studies of the conversisn of glucose
to 1lipid glycerol uveing animsl tissue wers made Ly Popjak, Glascock and
Folley (1952). These will be discussed later in this section.

The folleowing investigations were carried cut using glueas&-l-uc

as subatrate in crder to cbtain information concerning the conversien

of carbohydrate te lipid by nscrephages.



Lipid sed 1'C0, Eroduetion

Paired incubatiens were performed in groups of three in aili~
conised thirty ml econicel flasks, Zach flask comtained s known
number of rabbit maerophages {30-00 x 106), 0,9m1 dialysed rebbit
serum, approximately Zuec of gluceng-l-wc and were made zp to & final
volune i four sl with glueese iree Hanks' solutien,

After two bours incwbation at 37° the cells from 2 groups of
f1assks were seperated from the mediwm, washed twice with ©,0% sodium
chloride end them lyophiliseé., The lipid waw then extracted with
chlorcform methanel (2:1 v/v) irem ene pair snd the twe members of
the other pair were recenstituted with water, Fortione ¢f both were
counted by secintillation couriing using the Dicxen seintillator.

The rasaining poir of the group were used to measure 1"002
produced irom ﬂuw;e-lﬁuﬁ by wacreophages, ‘l'he.muulta of these
three investigations ore combived im Table 10, The prepertion of
glucou-*l-uc incorporsted inte the iipid fraction 6f the macrophages
varies between 17 and 335 ef the toval 1% present in the calls,
About 50% of the glucese added tc the wediwm bas heen converted to
“(:1’9g by the cells in each experiment, ©ontrols were included in
vhich wmedium wus incubated in the presence of glncese'-l-uﬂ’ but ne
cells, There was no M‘Wﬁ produced or Ve 1 sbelred 1ipid in the

control mediwm after two hours,
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1 % x 16" 2,0pe M3
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¢, Toial Lipid Specifis Activity Determinstion

Incubations were carried eut as described above for 5, 10,

30, 60 and 120 minuten, After this time the flask contents were
quickly transferrsd to chilled centrifuge tubes in an ice beth,

The cells ware ceparated By centrifuging (1560rpm for five minutes)
ot 2° and weshed twice with celd 0,9% sodium chleride solution; the
1iptds were extracted with chloroformimethenol {2:1 v/v) end a portien
wag counted by seintilletion counting,

The specific netivities were expressed as cps/mg of total
esterified fatty acid, the latter boing determined ir cech experiment
on & batch of cells resorved fer this purpese,

The conversion of glneﬂw-l-f“tf into tetel lipid is shown ir
Fig.k6, The greph represents the mean plot of four experiments end
ie shown with stendurd devintions {rom the mesn. There ic s vapid
rine in specifie setivity of the teotel 1ipid for the first five
minutes vhich imersased pregressively with time to a meen of 60Seps/ug
at thirty aioutes, In each experiment the pattern of labelling was
the saie as can be seen frem the stenderd deviations,

The smount of gluowﬁ-wx‘&&' converied to Ei@id} however varied

with different cell batches,
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The lipid extracte from cells which had been ineubated with
glunu*l--,‘&c for twe ﬁmn were used for hydreiysis in each
experinent. The lipids were Eyirelysed with 1.7 N HC1 in methanel
in sealed tubes at 110° for five hours as deseribed on p,30, The
1ipid was extracted with light petrelewm (b.p. 60-8¢°) and countod
end & wethod was developed for the guaniitative enalysis of glyecerol
end glyeerophesphate remaining in the agueous extracte (see p.J%),
Thue glyesrel and glycerophosphate were separated by paper chroma-
tegraphy using n-propenel tethyl secetate iwater (7:1:2) as the develop=
ing solvent and the popers wore cosmned, The distribution of radie~
astivity was detormined by usesuring the area of the puaks, These
wvers added and the total cownts are presented in Table 1% for feur
such experiments, 04064 of the setivity 1s present &s glycerel and
glycorophosphate while the fatiy acid and chelesterel only aceounts
for A~6% of the tetel.
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TAHE 11
By e, O Glycerol/ Cholesterel/
Glycerophosphate fatiy acid
cps | ) cps %
1 694 9% 36 4,0
2 449 95 2% 5.8
3 e G6 i3 &,¢

& 506 9% 27 €.0
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E., Fractisnsiion of Lipid

The fraetionation en silicie acid colwmme of 1ipid exirects
of wmacrephsges whieh had been ineubsted with glueese-1~''C is
showm in Fig. 47 whiech shows the szperstien of lipid frem twe
experinenta, lLost of the astivity is presemt in the triglyceride
sné pheospholipid frastions ané seme labelled diglyeeride is present.

Only a few counte wore preseni in the cholestersl fractien,

P. 7}..”4 i.._.l -

The rapid rise in speeific motivity of the total 1ipid frectien
¢f maerephsges after incubatien wiih glmewe»r-wc providas evidenes
for the enzynic eonversienm of carbehydrate te fat in these cells, Of

LE

the tetal prosent intraselliularly after twe heurs sbout twenty~

five pereent is present as lipid inm nserophages. This is similar to
the smount of a“hto-l-“ﬁ converted ¢ Mpid under sinilar conéi-
tiens by thess colls. Most ¢f tho label was presant in the trigly-
cexride and phesphelipid freetions f.0. in the glyseride fractiens,
with nly a fow connts in the cholesterel fractien. Further hydro-
lysis of the lipids previded cvidence that 95% of the labelling
ogcurred in ihe glyseride-—giyeerel moiety. Thare is considerable

evidence (Chorniek, Masore snd Chaikeff 1950; Boker, Cheikeff and
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Sehusdek 1932) for the cenversien of carbohydrate, e.g. glucese and
fructese to fatty aeid and cheleaterel all of shich presumably cesur
via the sosercbie hreakdow: of corbohydraie and thex threugh aeetyl
Uol to fatty sclds and chelestarel. The preseat experivenis shew
that the centribution of glucese to "fat” in wmeervphages is wore
extensive through its senverzien ic the glveerel part of the glycer~
{de melecule than £ the fatiy acid frastien,

The lakelling of the giyserel periion of lipide from glucose-
1--“‘0 was First demonstrated in apfmel tissue by Popjek, Glascock
and Folley (19%2) who investigated the conversiom of carbohydrate te
14pid fu wilk 7at, Polonevsii, Paysaut sné Wald (1962} demenstrated
that aimest ths tetsl redieactiiviiy introdueed inte apleen iipide

gfter incubation with git:mmwl-»m

£ fer twe honre wes found in the
glyeerol of itriglycerides and phesphelipids,

Terner and Forsh (l%ﬁ) denonstrated that giycersl and glucese
were of equsl putentiel as glyeeride glycerel ourees in bull spsrm-
ateses mé aleso that eecetate was incorporeted inte fatly acids.
h’-amvor’izh& incorperation < Patty acide {1rbolled from aaei:&te«-l«”"s)
inte jiyceridse proceeded st = consldorsbly slewer rate than night be
sxpected [rom the vete of lebelling ef the glyeevel meiety, Similar
cheervations were alee wmade by Uskill, Leboous and Reneld (1959) whe
found thet the vete of glyeeride-~gliveereol synthesis greutly esceeded
that of ghe fatty acide. The present study of glucese to glyeerel
convarsieon by macrophages similerly indicates 2 mere rapid iwrmover

of the glycerol wmolety then of the fstty selds.
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The conversion of gluwn-l*-nc almost exclusively to glycerol
by macrophages supperts conclusions reached by other authors that
glycerol as such is not the immediate precursor of glyceride glycerol.
Buell and Reiser (1959) have shown that the conversion of MC-‘labelled
fructose 1:6 diphosphate inte fat glyceride by pig intestinal mucosa
was not altered by the presence of glycerel; however in the presence
of dihydroxyacetone phesphate and glycerophosphate ihe incorporation
was reduced suggesting that these latter two were precursors of
glyceride glycerol., They suggested that glycerophosphate was pro~
bably the immediate precurser,

There are several pathways known in animal tissue by which
glyceroel can be formed from glucose, The enzyme aldolase catalyses
the formation of dihydroxyacetone-pkosphate and glyceraldehyde phos~
phate frem fructesel :6 diphosphete, Although the equilibrium con-
stant of ihe isomerase enzyme (which catalyses the interconversion
of glyceraldehyde~3~phosphate and dihydrexyacetone phosphate) favours
the formation of dibydroxyacetone phosphate, the rapid removal of
glyceraldebyde~3~phosphate from the reaction would tend to convert
nearly all the 'dihydroxyacctono phosphate to glyceraldehyde phosphate.
Thus only a small smount of dihydroxyacetome phosphate would be avail~
able for glyccrol formation. The former is converted to glyeerol
phosphate and according to Kennedy {(1957) this then forms phosphatidic
acid which is dephesphorylated to form 1,2~diglyceride., This may
then react with eytidine diphosphate-~choline, ethanolamine etc, to

form phospholipids or with iong chain fatty esters of CoA to form
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triglycerides, These resctiens which are carried out at the sxpense
of ATP invelve the expenditure of energy. In the experimenis with
macrophages it has been found ihet were than helf the pglucose edded
te the wedium has been oxidised to carbon dlexide which indicates
that pathways of glucose oxidatien ave evailable for cnergy rreduetion,
it is knowm thet glycelysir preceeds under aerckic or acaervkic con-
ditiens in theese cells together with the produetion of lactic seid in
the wediuwm (Harrie ané Berelay 1953).

fhere sre other patbways by which glycerophesphste car be formed.
The pevtose phosphate cyele is one such sltermative, It ig slee
knows that reeyeling ef glycelyiie pathwey intermediates such ss
glyceraldehyide~7-F, dihydrexyzcetone phesphete snéd fructese 1:6
diphosphate cen secur i the pentese pathway, Therefore it is not
possible te speenlate on the extent ¢f glucese available for glycerel
formation in mserophages withont chiaining nore infowmation zbout
existing ypatkways iz these cells. The observetion mude thet emly
e mmall smount (0,3-2,88) of ihe gluwmw‘i-’i% added to ibe medium is
converied to 1lipid glycerel ios in aecord with the faoct that only e
smell emount of éihyivexyscvione phesphate is preduced during exida-
tion of glucess., Siwiler results have besn found by 3tjernheln snd
Moble (1961) +whe imcubated pelymorpho-nuclesr leucecytes with l&c_
1abellad plucese, Unly 8,05 to ©,07% of the initiel redicectivity
of the laholled glucese entered the lipids of leueeeytes sud helf of
this was in the glycersl molecule. Thiin is considerably less than

the amount of glucoss converted to lipid glycerol by macrophages.
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However they did not tska fnto account the laballied glyserel, if any,
present as phosphatide glyeerol. After degreditien of the lsbslled
givcarsl and determination of the distributien of 1%C, Stjernhelm
and Noble found 8 rendomisatien of 27C in the glycerel which indi-
eated & moderate recysiing in the pentose pathwey. In these
evaporinents ;luuml*“cu vas the enly substrate availebie and
therefore no citewpis wore mude to iuvestigate tbe veriens puthvays
of glucese oxidetion in thess ¢sils,
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The informatien asccumulated as a result of the investigations
desoribed in this thesis are of intereet frem twe points of view,
one concerning the 1ipié biochemistry of mmerophages snd the wecend
being that these investigriiens might als¢ previde informstion in
relation to the deposition of lipid in the erterial wall in atheroms.

Both points are considored scparately belew,

It is sssumed thet the paimitete-slbumin complex and the tri~
glyceride emmlsion ingested by rabbit periteneal macrephages were
taken up 22 @ result of phagoeytosis. The mechenieme invelved in
the iranspert of ihe mmuller wmolecules vis, scetate, orthophesphate
end glucese ints mmra@iaages} zwtevar’ erz not knewn, The subseguent
incerporation of all these radicsctively labelled compounds imte
the 1ipid Tractien of uwacrophages formed the major pert of these
studies which were carried out with intact cells. Altheugh ihis
spproach using intact cells was necessary initielly, sueh & systen
obviously has distinct disadvanisges wher attempiing to interpret
results portaining te synthesis of lipid, The faet thet no net eyn~
thesis of lipid was demonstrated in any of these expsriments dees not
wule cut the pessibility that ithe reactions reflect nersly isetope
exchange rather than true synthesis. In wany of the investigstions

perfermed however, labslied compounds were irolated from macrophages
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which could be identified as intermedistes in pathways of lipid
synthesis alvesdy explored anéd cenfimmed im ether animal tiasues
by other investigeters. Thersfere, frem the results of these
invesitigations it is pessidble to speculate that masrephages hove
the ensynic ability te manufscture sueh %pid compenents.

A& point of faveur in the use of intsct cells and am important
aspect to be considered vhem siudying synthesis of sny kind is the
realisstion thet resctiens such & wmterification of fatty oelds,
synthesis of faity acids snd chelesters® and incerporation of phos~
phate intc phospheiipid de wmet talke place unless snargy ¥ supplied
vie coupled reacitions, This supply preblem i.e, presence of se-
feactors, metals ate., is climinated when using ﬁt«t animals or cells,

In west cases it was apparent thet ne mstter vhat the carbon
seuree of the lipid, that triglycerides and phesphelipide were pro-
minently labelled. This ie net unexpected since it has bsen peinted
out by Fellsy and Fremch (1950) and Balwain and Folley (1951) thst in
fot synthesis by animel tissues, free fatty scids deo net detectaidly
sccumulate, but arec immedistely trensformed inte glyecerel esters,
This appears to have deen the zituatien in maercphages since pal~-

nitate-l-uc was incerpsreted westly hto ihe triglyceride snd phoe-

phiolipid frections and the fatty scids synthesised from scetate-l-''C
wers alse incorpersted Mto these two fractioms. A comperisen of

b,

the incerperetion of acetaiex} inteo chelesterel snd fatty zeids

{
with inereceing tiwe indicated that the chelesterel pesl is tummed -
over at » much grester rate them is the faity seid pesl. The signi-

Fiesnve of this difference is mot clear. Both fatty aecide and clhol~-
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esterol ure synthevised from 0’2 units but it is apparent that there
are regulaiory conditions which affect in different ways the syn-
thesis of cholesterel and fatty acids from ua‘ﬁsate-l-u(:. One
such instanee is that the saynibesis of chelesterel in rat liver,
unlike that of fatty acids, is not dependent direetly upon the
glyeolytic activity of the cells (Tomkins and Chaikeff 1952).

The labelling of phesphelipid after incuhtiono@f macrophages
with 3"1’-‘-’»1».11« phosphate indicates thai these cells can synthesise
phespholipid, - The prebable presence of phosphetidie acid, a knowmn
phospielipid precurser;, vhich was rapidly hl_sellul ot first sad them
decreaded with time as the specific setivity of the other phozphatides
inoreased, sdds weight to this suggestien, Of more interest was the
fact that the presence of shelesterel stimulated the ivcorporatien of
32 phosphate inte phosphielipid, In order te synthesise phesphe~
1ipid on demand, suok as in this situation, the eoupling of emergy
preducing resctiens and formation of new phospholipid components wust
be a function of these cella. The contrelling rates in such reactions
wonld be the carbohydrate oxidation rete és well as ithe formation of
fatty acids and glycerel., That these latter twe substances are syn-
thesised by meerophagee bas been indicated by investigations with
autttool-uc snd glueon-l-»uc s esubstrates., It can be cencluded
therefore that rebbit peritonesl macrephegzs possess tie necessary
ensyme and energy requirements fer synthesis of chelesterel, fatty
acids and glyecerol, o |

o
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tggrevhages, Lipid Svnthesis end Atherems

If it can be inferred that the results of the fp vitre
investigetiens with wserophages will epply te the ip yive situatien,
then mecrophages will be cupable of synthesising lipid in the
arterial »all as leng ¢ the necessary sutyiments ere provided.

it was shown that mecreophages can take up pelmitic seié and
synthesise trigiyceride and phesphelipid Irem this fatty seld jp
vitre. In the erterfel well, such & situstion could veeur, aince
unesterified fatty seide sre present in the plasms slthough enly te
a quantitatively omell eztent (2-5%), This wouid vesuli in mn
scowmnlation of iriglyeerides and phospiciipide, z0 leng €3 the
macrophages ¢un provide the other lipid evmponents necsssary for
esterificaiion. This would appesr te be so sines compounds such
ps phesphatidic acid, giycerephosphste, di~ and mﬂmrﬁdi wers
isolated frowm macrophages ané had become labelled, possibly as inter-
mediates.

The neture of the fetty acids synthesised from -mtah-l-“c by
macrophages in vitroe resembles the compositien of Zatty nelds in most
enimal tissuss studied, including the arterisl wall, lizwever, it is
unwise to speculaic on the compesition of fatty meids of macrephages
and their ¥ole in lipid metaboliem ef the artorisl wall because such
s composition will bo dependent on externsl comditions and the pre-
sence of ether lipids. Sime of the shelestorol which ascvmmlates in

the stheromatous lesion can be attributed te the cecmmlatisn of chel~
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esterel in mocropheges in the arterinl wall. Since a high level
of chelenteregonesis was observed in maecvophages incubated ip vitre
with wce’&&t@'l-""ﬂ the puenibiiity that cswe of ithis secwmmletien
has arissc m & result 2f synthesis of clolesterol by mecrephages
ig _situ canmet be cverleshed,

That weerophages are partly respousible for the scowmisiien of
phospholipid in the arterisl wzil has been censidered in sariier
dicoussions. A survey of ench chservation adde waizht te the abeve
hypothenis, since it has boen shown thai pbesphieiipid has been label-
led frem palmitate-1-''C, tripainitin-1-'%¢, seotate-1-t*c, %~
phesphute and glu’woe-l-*“if by wecrophages il vitye. Yewe imterest-
fag is the feet thet in esch crse, lecithin and sphingouyelin ware
prominontly labeiled snéd it ie imewn thet lecithin and sphingemysiin
both ineresss in ihe arterial wall in stheresclerosie.

Bafere arviving at eny cenclusiens cencerning the rele ¢f macro-
pheges in the synthesis of 1ipid in the srtorial wall, it is necessery
to consider the meny intervelationshipe of 1ipid metabolism slready
studied, The inter-relstionships which cre closely conmected with
this problem are sumarised ze follows, It has been found that the
ingestion of chelesterel or chelesterol ester by retieule-endethislial
celle is nemecioted with secumalotien of varieue other lipide such as
teigiyeeride snd phospheliptd (Dsy 1960b). The fstty seid pedtern of
cholesiere]l esters are influvenced by the type of iriglyseride ingsated
(Dey st.el. 1963) which alee inflvences the rais of esteriféeation of
cholesterel (Day 19602), DBernick and Alfin-Slater (1963) cbsurved
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that cholesterel acewmlates in lung uacrophagzes vhen mimale are
kept ¢n en essential fatty aeid deficlent diet snd obsorved that
mobilissticn of chelesterel securred whan lincicate way fed, It
bas sise been shown that phosghelipid prometes the hydrolysis &f
lipeprotein cholesterel ester sud johibits esterificetion ol iree
cholectore! by wmacrophiages (Day sud Gouldhurst 196%}, ihe atimu=
lstion of phosphelipid synibesis by wherophages in the presence of
chelesterol hes beun discussed, After cholesterol ester (1aballed
in the fatiy aeid woleoula) wae ingested by vsticulo—endothelial
celly of ret lyngh nodes, an apprecisble amount of the label wes
found in the phospholipié fractien (including lecithin éud sphin-~
gomyelin}, ii&wwar)litt&e of the fatty seid wse incorporsied inte
the triglysoride frection as was expected (current investigatient}.
in wany Sissues, lipogenesis snd eholestercgeneais sre differeutiy
effecteé by verteic venditiese sueh as amrbohydrete axd fai feeding
oy the néministretien of imemiin {#i11, Webster, Linszere, Lhalkelf,
1960: ¥illiams, HiJ1 and Chaikefl, 1260}, Thue the syntheois of
1ipids sach aa fatty acids and cholestersl by nacropheges in the
ertorisl wall will clec be controllcd by the presence of axtracell~
nlur fet deposits, the wupply of oxygen, <hergy reguirsments and the
earbou source,

Those consideratiens esphasise the comploxities fuwolved in the
situation invelving meercphoges, 1ipid synthesis and the srteriel woll
end mehe it clear that there is much work te be deue before there is

a sewplete understanding of the probiea.
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