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SUBEARY

(1) A cholesterol=7x=hydroxylase has been
investigated in rat liver cell fractions; the enzyme
is located in the endoplasmic reticulum {(microsomes)

and requires:co-factors in the cytoplasm.

(2) The enzyme was assayed by following the
metabolism of choleaterol—h-th; analysis was
effected by thin layer chromatography followed by
liguid scintillation countinge.

(3) Cholesterol-7«~hydroxylase was found to be
senelitive to prolonged homogenisation of the liver, long
incubation periods, etcs; stimulation of the activity

was obhserved only in the presence of NADFH,

(4) Preliminary studies showed that the enzyme
 was inhibited by carbon monoxide; it appeared that a
carbon monoxide binding pigment may be involved in
oxygen activation for the system. The enzyme is

suggested to be a mixed function oxidase.

(5) The conversion of cholesterol to
Ta=hydroxycholestercl can be increased seversl fold by
preventing the reabsorption of bile salts from the gut;
the significance of this enzyme as a rate-controlling
enzyme in the overall catabolism to bile aclds is

discussed.




(6) Non-enzymic oxidation of cholesterol has
been investigated in some detail in order to determine
whether enzymic and non-enzymic cholesterol oxidation
have any common characteristics. Evidence is
presented to suggest that cholesterol can be oxidiséd
in conditions which support peroxidation of unsaturated
lipids.
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Abbrevietions used in the text

Napp* Nicotinamide adenine dinucleotide phosphate

NADPH = Reduced NADP'
nap* Nicotinamide adenine dinucleotide
ADP Adenosine diphosphate

ATP Adenosine triphosphate
5L-aup Adenosine monophosphate

3151-AMP Cyelic adenosine monophosphate
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Cholesterol (cholest-5-en-3g-o01l)

Figure 1: Structure of cholesterol.
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Introduction

Cholesterol is the most ubliquitous member of a
group of crystalline alcohols of plant or animal origin
termed sterols, and belongs to the class of biological
materials known as lipids. In general, lipids are
solubilised in tissues and body fluids as lipoproteins,
composed of proteins in association with long chain
fatty acid esters of cholesterol, non-esterified (free)

cholesterol, triglycerides, etc.

Cholesterol can be synthesised by all tissues in
the animal body, with the possible exception of adult
brain and nervous tissue. It is theref'ore not an
essential dietary component in mammals,. This sterol
is the precursor of the steroid hormones in endoecrine
tissue, but the most important gquantitative metabolic
route is the formation of the primary bile acids by the
liver. In higher animals the major bile acid is cholic
acid (figure 3), with smaller amounts of chenodeoxy=-
cholic, deoxycholic and lithocholic acids. In the rat
only cholic and chenodeoxycholic acids are formed in
quantity. Chenodeoxycholic acid is not a precursor
of cholic acid, but can be metabolised to the two
6p-hyaroxylated bile acids, «and g muricholic acids,
which are found in varying but small quantities in
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bile. Deoxycholic acid and lithocholic acid are
formed from the primary bile acids by bacterial
modification in the gut. There is evidence to suggest
that lithocholic acid may be formed in the liver as a
primary bile acid (figure 3).

Rat plasma contains about 50«70 mg. of cholesterol
per 100 ml.,, while in liver the figure is about
180=200 mge per 100 g of tissue. Equilibration of
plasma and liver cholesterol is rapid, and liver
cholestercl is in a state of constant flux (figure 2).
Consequently, the half-life of liver cholesterol in
most animsls is short, in the region of several hours,
compared with an estimated half-life of total body
cholesterol of 30 days in the rat, and 60-«100 days in
man®?2* Isotopic labelling has shown that the primary
bile acids of the rat have a half-life of about
p=3 days.” Although most of the bile acids present in
the gut as bile salts are reabsorbed through the
enterohepatic circulation, a small quantity is excreted
in the faeces so that new bile acids are constantly
being synthesised to compensate for this loss. The
circulating pool of cholic acid in the rat is
estimated as about 10=20 mg.,u with a total daily
production of choliec and chenodeoxycholic acids of the
order of 5 mg. The rate of cholesterol breakdown to
bile acids can be radically altered by the lipid

content of the diet; the feeding of cholesterol in the
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diet depresses cholesterol biosynthesis, especially in
the liver and induces an increased rate of cholesterol
catabolisms. This catabolism is under homeostatic
control, and interruption of the enterohepatic
circulation by bile duct cannulation causes a marked
increase in bile acid production,5; it has been
concluded that the concentration of bile salts in the
portal blood may regulate the catabolism of cholesterol.
Total bile acids in the liver are present in a
concentration of sbout 110/13 per gram of liver;6
mostly in the cell fluid. The formation of bile acids

in the liver of various species has been reviewed by

Danielason.7

There have been numerous attempts to isolate

intermediates in the catabolism of cholesterol to bile
acids. Anfinsen and Horning8 in 1953 described a
fortified preparation of mouse liver which could
oxidise cholesterol-26-1uc to 1“002; cell fluid
(105,000 g supernatant) was essential for the activity
of the system. Later stuﬂiesg showed that the
supernatant fraction could be replaced by a bélled
preparation, from which most of the protein had been
removed., This fraction became known as S.. for

Soluble Factor, and has since been found mssential for

maximal activity in many studies of cholesterol oxidat-
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tion; the factor or factors on which the activity of
this preparation depends have not been identified,

Whitehouaelo’ll

confirmed the early findings with rat
liver mitochondria in a fortified medium including S.F.,
NADPH and NAD, Kritchevsky'? and Fredricksonl’?1H4
investigated the products of mitchondrial cholesterol
oxidation and found a variety of neutral and acidic
compoundse. The acidic products were similar to
deoxycholic and lithocholic acids but not identical;
neutral metabolites were identified as 25- and

15416 was not

26=hydroxycholesterols. Danielsson
however able to confirm the enzymic formation of
25=hydroxycholesterol, although nine products more polanr
than cholesterol were isolated. He concluded that most
of these products were formed non-enzymically and that t
only enzymic product was 26-hydroxycholesterol. Recent
work by Mitropoulos and Myant17 has provided further
evidence for the formation of 26-hydroxycholesterol as

a likely precursor of chenodeoxycholic and lithocholic

acid in fortified mitochondrial systems,

An experimental approach used to examine the
degradative mechanisms of cholesterol is the study of
the metabolism of hypothetical intermediates in
animals subjected to biliary cannulation. Although
the enterohepatic bile acid circulation is broken in
such animals and they are therefore sbnormal, valuable

data can nevertheless be obtained. Possible

he
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intermediates of cholesterol degradation can be
administered by injection and their rates of conversion
to bile acids calculateds With this ‘'in vivo'
technique, 26«hydroxycholesterol can be metabolised to
chenodeoxycholic acid but not to cholic acid, so it has
been concluded that this sterol can only be involved in
a route to one of the major bile acids (figure 3;

route A)e

Bergstrom demonstrated in 1955°-° that a route which
did not involve 26-hydroxylation as the first step was
a more likely pathway to both primary bile acids. A
numnber of possible intermediates were 1nvest1gatedlg'2o
and it appeared that nuclear modifications of the
cholesterol molecule must necessarily precede side chain
cleavage. Further investigation using bile duct
cannulated animals and also in vitro studies showed that
epimerisation of the BF-hydroxyl group and double bond
saturation occurred after insertion of the two

21922 oo that, of several

hydroxyl groups at 7 and 12,
mono-oxygenated sterols, only cholesterol could be
catabolised to cholic acid.23'28 in vitro studies by
Dani¥lsson and co-worker829-33 and Mendelsohn and Staple
34-36 have provided considerable evidence for pathway B
in figure 3. The demonstration of the postulated
first step, the 7a=hydroxylation of cholesterol, has

proved difficult; only small conversions to this
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sterol have been reported, and this reaction has not
been unequivocally established as the first catabolic
step in the major route to the primary bile acids.
To=hydroxycholesterol can be quantitatively metsbolised
by mitochondrial ar microsomal preparations of liver,
37,38 implying that the formation of this intermediate

is a rate=controlling process.

In contrast to the earlier work with mitochondrial
preparations, enzymes of route B appear to be located
in the microsomal fraction (endoplasmic reticulum) of
the liver cell, where the bio=synthesis of cholesterol
has recently been shown to occur.39 Enzymas of the
cell sap effect the reduction of the 3=keto intermediates
(gs1) to hydroxyl groups, with the concomitant reduction
of the L4=5 double bond to the coprostane series (5F).
The latter stages of bile acid formation are thought
to occur by formation of side chain hydroxylated
sterols (tetrols and pentols) which undergo « and F
oxidation to the bile acids as Coenzyme A intermediuntes.
LO-lky These reactions aré probably mitochondrial
events, with the microsomal catabolism proceeding only
as far as trihydroxycoprostane (j) and dihydroxy-

coprostane (1),

Cholic acid, the major bile acid, can only be
formed from intermediates on the postulated microsomal
routeBe. It has been established that the enzymes
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Figure 3: Possible routes for the catabolism of
cholesterol by liver.
A Mitochondrial reactions
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C Probable mitochondrial side chain
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responsible for the formation of this bile acid possess
an absolute specificity towards the structures of the
substrates; no cholic acid can be formed if the
modifications to the nuclear structure of the molecule
are not completed in the sequence shown in figure 3.
The route involving 26«hydroxylation as an early

intenmediaﬁe cannot therefore give rise to cholic acid.

Zy=hydroxylation of cholesterol

Bergstrom has shownh5 by tritium lasbelling
experiments that hydroxylation of cholesterol at C7
involves a direct replacement reaction rather than a
hydration of an olefinic intermediate. The reaction
appears to be similar in mechanism to the Cll hydroxyla=
ttion in steroid hormone synthesia.hﬁ The highest
reported yields of 7x=hydroxycholesterol in microsomal
preparations are of the order of 0.5—1.9%.32 Studies
have been hampered by the ease with which cholesterol
can be attacked non-enzymically by molecular oxygen
to form autoxidation products, one of which is
Tx=hydroxycholesterol; the formation of this sterol by
such a mechanism probably accounts for a considerable
portion of the "enzymic" 7u=hydroxylase activity
reported by early workers. Autoxidation of cholesterol

will be discussed in section 3.

8ince this hydroxylation reaction has not been
successfully investigated, the characteristics and
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properties of the enzymes system must be inferred by
consideration of other hydroxylations which have been
investigated and purified. Many steroid hydroxylases
have been studied with outstanding success, and some
have been found to utilise molecular oxygen
stoichiometrically.u7'h9 Most require NADPH (some
NADH) as a specific electron donor in the hydroxylation
reaction, and are classified according to Mason50 as
mixed function oxidases, hydroxylases or mono-oxygenases.
Such enzymes comprise a significant part of the large
group of enzymes termed oxygenases (figure L4), which
all show an absolute requirement for molecular oxygen.
It has become apparent in the last decade that the
fixation of oxygen by these enzymes forms an important
part of the normal metabolism of cells; a wealth of
data on the function and characteristics of oxygenases
is now available,’+?72s33e

Concomitant with investigations of oxygenase-type
enzymes, several heme-containing components have been
detected and are likely to be involved in hydroxylation
reactiona.sh These hemo=-protein, cytodrome=like
materials are implicated in the terminal stages of the
electron transport systems from NADPH to oxygen, which
must compete with the conventional electron pathways
for oxygen end pyridine nucleotides. One of these
hemo=~proteine has emerged as a participant in a number
of mixed function oxidations and has been termed
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cytochrome P=450, since it can combine with carbon
monoxide, to give a character.istic absorption band
at uBOWq. This pigment represents a new type of
oxidase which participates in the hydroxylation of drugs,
carcinogens and steroids, and can apparently interact
with oxygen and substrate during the hydroxylation
reaction.55'59

In liver, the hemo-protein has been implicated as
the oxygen activating enzyme for a number of NADPH=

60-6L Some of these

dependent microsomal hydroxylations.
hydroxylations appear to be non=specific and are part of
the extensive capacity of liver microsomes for the
metabolism of a large number of foreign compounds,
Although most aerobic hydroxylations possess a specific
requirement for FADPH, other physiological electron
donors are utilised by many reactions. The electrons
may be supplied by ascorbic acid, NADH, etc.
Substituted pteridines such as tetrahydrefolic acid
and biopterin are utilised by some hydroxylaaeé@awhich
also require NADPH to maintain the pteridine moiety

in the reduced state; the function of I..LPH in these
reactions is therefore not directly concerned with the
actual hydroxylation stepe. The organisation of
microsomal redox components has been extensively
reviewed by Mason.65 Soluble Factor {S.F.), used in
studies of mitochondrial cholesterol oxidation, contains

co-factors which can markedly enhance certain steroid
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hyﬂroxylationsgss

the comparable activity of S.F. and
reduced pteridines has suggested that this fraction
contains one or more pteridines having bidogical
activity. Metal ions, also implicated in cholesterol
oxidase activity, have been shown to be inveolved in

67 5o

reactions catalysed by oxygenase=type enzymes,
that the mitochondrial side chain cleavage of
cholesterol in liver may involve enzymes of the mixed

function oxidase categorye.

Little is known of the co=factor requirements of
the microsomal catabolism of cholesterdl, especially
the 7= and l2x~hydroxylation steps. However, rat
liver microsomes can efficiently 7x-hydroxylate various
steroids such as deoxycholic acidsa, dehydro=-
epiandrosterone, pregnenolon.e69 and }ﬁ-hydroxy-55-
cholenic acid7o, the latter compound having the same
structure in rings A,B,C and D as cholesterol, These
hydroxylations appear to be effected by mixed function

oxidases, utilising molecular oxygen and NADPH,

On the basis of these findings, it is expected that
cholesterol=7«=hydroxylase will also belong to this
category of enzymes, The 7a=hydroxylation of
cholesterol has been investigated in cell=free
preparations of rat liver, in the light of current
knowledge of hydroxylations reactions which may have
similar mechanisms. The objects of the study were:

(1) the in vitro demonstration of cholesterol=-




(2)

(3)

1l.

Ta=hydroxylase,

the investigation of factors influencing
this reaction.

an assessment of the 7«=hydroxylation of
cholesterol as the first step in bile acid
formation, and as a rate-controlling factar

in cholesterol catabolism by the liver.




Methods

The rats used in this study were young adult
males of the Wistar strain bred from the Departmental
colony, and weighing from 180 to 240 g. Their diet
consisted of rat ceke (Oxoid 86; 75% whole meal flour,
20% fish and bone meal, 5% dried yeast), except in
certain cases where a "soft diet" was used to
facilitate mixing with various additions, The soft
diet was composed of 70% whole meal flour, 25% skimmed

milk powder and 5% yeast.

(1) ZTissue preparation

The rats were killed by a sharp blow on the head
and the livers (7=12 g.) rapidly excised. The liver
was placed in a tared beaker containing 0.25 M, sucrosej
this procedure allowed a rapid chilling of the orgon
and also served to remove extraneous bloods All

subsequent operations were carried out at O to 5%

The sucrose was removed and the liver finely
minced with scissors. Homogenisation was efiected in
four times the tissue weight by volume of 0.25 I,
sucrose, using a Teflon/glass homogeniser with a
clearance of 0,15=0,20 mm, This process was kept to a

minimum, and was continued only as long as pieces of




20x liver homogenate in
0.25M sucrose

J 600g/10 min,

Nuclei, cell Supernatant 1
debris (discard)

18,000g/15 min.

! L

"18,000g Mitochondria
supernatant”

105,000g/50 min.

l

Kicrosomes Cell fluid

10 min, /5P -
centrifuge

1
S.F. (5oluble Factor)

Flgure 5: Flow diagram of cell fractionation.
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whole liver were visible in the homogeniser tube. The
homogenisation step was found to be a critical factor

in the assay of enzymic activity (section 5).

The liver homogenate was subjected to differential

centrifugation as shown in the flow diagram (figure 5).

Only a few experiments were performed with the
mitochondrial fraction, so that normally the first
low-speed centrifugation was omitted. After the second
centrifugation, the 'supernatant' consisted of the
endoplasmic reticulum in the cell sap, and this was the
fraction most often used. This fraction is referred to
as the 18,000 g supernatant. Further centrifugation
afforded the microsomal and cell sap fractions, which
have been used separately and in combination, In
some cases the 105,000 g supernatant fraction was-heated
at 90° for 10 minutes, and centrifuged to remcve
denatured protein, leaving the Soluble Fraction (S.F.),
described in the introduction. Washed preparations
of microsames were obtained by suspending the microsomal
pellet in isotonic potassium chloride or 0.25 M. sucrose
by gentle hand homogenising, and repeating the
centrifugation. For addition to incubations, the
microsomel fraction was taken up in one of these wash
solutions so that the 4 ml. of the final suspension
contained the microsomes from approximately le3 ge Of

liver, Easch incubation sample contained 4 ml., of this
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suspension or 4 ml, of the 10,000 g supernatant
fraction, also equivalent tc the l.3 ge of whole liver.
S«F. or 105,000 g supernatant from the same weight of
liver was added in 4 ml. aliquots, made up to this
volume with 0.25 ll. sucrose. Mitochondria or microsome
were suspended in these fractions where required, in
order to keep the final incubation volume constant,

Every incubation therefore contained the appropriate

cell fraction(s) from the same quantity of liver, so tth

the metabolism by the different preparations could be
compared directly.

Acetone powders were prepared from the microsomal
fractions The microsomes, suspended in a small volume
of 04154 M. KCls, were poured with vigorous stirring
into LJ0=~50 volumes of acetone (-uo°). The
precipitate was rapidly filtered, washed twice with
acetone and finally with cold ether. After removal
of all solvent at room temperature under vacuum, iLe
dry, friable powder was stored at -15°b. The
microsomes from 1 g. of liver yielded about 60-70 mge
of powder, Lipid analysis of the powder showed that
it contained only trace amounts of cholesterol.
cholesterol esters and triglycerides Each incubation
contained 70 mge of acetone powder (eguivalent to

1,0 g+ liver) suspended in 4 ml. 0,25 M, sucrose.
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(11) Incubations

Incubations with choleaterol—l;-mc were fortified
with an NADPH generating system, except in those
experiments designed to illustrate the requirements
for this nucleotide. The NADPH gencrator was composed
of':

0.5 ml. NADP solution (5/1 mole)

0.5 ml. glucose=b=-phosphate solution (50/'1 mole)

Oel ml. glucose-b6-phosphate dehydrogenase (1 unit,
where 1 unit converts 1mole of NADP into NADPH at 25°
in the presence of glucose=b6=phosphate). The system
was pre-=incubated at room temperature for 10 minutes,
to ensure that most of the NADP was in the reduced form,
These concentrations of the genm:'atdr canmponents are

referred to as 'normal' in section l.

Incubations were buffered with phosphate
(Na2HPOI/NaH2P0h) at a molarity of O.1 at pH 7l
In a2 smaller number of experiments Tris/hydrochloride
(Tris(hydroxy-methyl)-amino methane) was used at the
same pH but with a molarity of 0.05. 2 ml, of the
appropriate buffer was used in each sample. Unless
otherwise stated, every incubation contained phosphate

buffer and NADPH in these concentrations.

Choles‘bd‘rol—h—u‘c was purified beforc use by thin
layer chromatography in the solvent system described

below, in order to remove products of air oxidation.
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This radioactive substrate was then stored in re-
distilled acetone at -15° for less than four days
before use. Bach incubation sample received the

substrate in 0,05 ml., of acetone (0.1—0.2/(6).

Additions of other co=factors were made as far as
possible in distilled water, in a volume which did not
exceed Oe3 mle, in order to minimise dilution effects.
Where such materials were not water soluble,
they were added in a small volume of acetone (0;05—0.1
mle)s Total incubation volume was 7.l=7.3 ml,

In a large number of incubations it was possible to¢
mix the NADPH generator, buffer and tissue before
division into a number of incubation flasks in order to
eliminate errors in pipetting small volumes. The
substrate was not included in this mixture and was added
separatelye. Incubations were conducted at 37° in a
shaking water bath, usually for one hour, The gas
phase in each case was air, exeept in those experiments
investigating the effects of carbon monoxide on the
system. Glass tubes were filled with water from an
aspirator; the water was then displaced with 700 ml.
of oxygen=free nitrogen, and mixtures of carbon monoxide
and oxygen in a total volume of 300 ml. By a manifold
system, the gas could then be led through the incubation
flasks, against a back pressure of about 3=4 cm. of
water, The incubation flasks were thoroughly flushed




Incubation mixture (7 ml)

10 ml methanol

|

Pellet Agueous extract

20 ml chloroform /
"””'/”’ combined

Pellet Exiract Aqueous layer (a)
discarded
boiling
| ethyl acetate
J 1 corbined
Fellet
discarded Combined lipid
extract ( keOH/CHC1 /
a
ethyl acetate)
water wash (b)
(Fhaces separated at each stage discarded

by centrifugation)

Tissue extract

[}

Figure 6: Flow diagram of extraction procedure.
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for about 5 minutes before the addition of the
substrate, then at frequent intervals over the period

of the incubatione

(1i1) Extraction

The reactions were stopped by the addition of
10 ml, of methanol, and extraction accomplished as shown
in figure €, No radiocactivity was detected either in
the aqueous layer (a), o in the final water wash (b).
The extraction procedure shown was found to remove
98«100% of the added radioactivity; of this about 90%
was removed by chloroform extraction alone and the rest

by boiling ethyl acetate.

(iv) Chromatogravhy

Although the extraction technigue was efficient
in removing radioesctive liipid material from the samples,
very little material was present in the final extract
(e) which interfered with final analysis by thin layer
chromatography. The dried extracts could therefore be
transferred directly to thin layer plates (27 x 6 cme)e
This was done by three washings of 0.2 mles of chloroform
using a fine capillary, which transferred 80=-90% of the
extract on to the plate.

Slica gelH Merck) was used as adsorbent, and was
slurried with water to give a viscous suspension, The

c1ams nlates were spread with a hand tool to give a
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layer of 0,25 mme when drye. Drying was effected by
heating at 110-120° for 30 minutes. After spotting
the samples and the standard mixturc on the same plate,
the plates were developed for le5=2 hours during which
time the solvent ascended the gel for about 25 cme

The time taken for chromatography was rather long, but
this was compensated by the excellent separation of the
various sterols. The solvent system used in all of
these experiments was benzene: ethyl acetate 1% 7:13
and this mixture was found to give good separations both
of metabolites of cholesterol and metabolites of
7ou=hydroxycholesterol (section 9), Standard samples
were visualised by spraying with dodeca=-molybdo-
phoaphoric acid in ethanol; after heating the wvarious

materials appeared as orange or blue spots on a yellow

background.

(v) Radiocactive assay

The plates were assayed for radioactivity by a
non-destructive method using a window=-less gas=ilow
counter where the labelled products were required for
further investigation. This method was not as
efficient as liquid scintillation counting, which was
used as a more absolute measure of radiocactivity to
obtain the resulits described in this thesiss The
equipment used was a Packard Trie=card Liquid
Seintillation Spectrometer, using toluene with primary
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and secondary scintillators and containing 4% methanol,
Gel from the thin layer plates was scraped directly
into the counting vials. Appendiz 1 shows the
reproducibility of counting with this equipment, and
also that negligible guenching occurred in the presence
of silica gel. The efficiency of the spectrometer was
linear up to about 150,000 ¢/m; semples containing more
radiocactivity than this were divided into 2 or 3 smaller
samples,. Efficiency of counting for u‘c was about
65% end for ~H sbout LOf,

(vi) Expression of results

The total radioactivity on the thin layer plates
could be calculated from the results of liquid
scintillation counting. The totals of each plate
differed slightly since the ligd extracts were not
transferred quantitatively to the thin layer plates.
However, this was of no .’éﬁnaaq,tgmae, since the
radiocactivity corresponding to each standard was
expressed as a percentage of the total radicactivity
on the plate, which included the substrate
cholesterol—h-u'c. This method was used to obtain
the results shown in the figures and tables,

In all of the experiments described in this study
where choleaterol—lp-mc was used as substrate, metebolism
of this sterol was found to occur to 6 detectable
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products, so that the radioactivity was confined to
gix areas of the plates. The amounts of these
products were extremely varisble, and the conditions
under which they were formed are discussed later,
Their Rf values correspond to the following standards:
cholestan~3@,5m.6F-triol
aholest-5-en—3§,7p-diol (qs-hydroxycholesterol)
oholest-Ben~3P-ol—7-one (7=ketocholesterol)
chole at-5-en-3F » 7?:.-«:1101 ( 7§-hydroxycholesterol)
cholestelwen=3=0n=7x=0l

cholestel=en=30on=7x,12«=diol

The first three of these products are formed by
non=-enzymic mechanisms from cholesterol as described
in section 3. For most purposes in this work, the
total metaebolism of cholesterol-h-lhc attributable to
these three compounds comprises the group of products

termed Yautoxidation'.

The second group of compounds, in contrast, have
all been shown to have physiological significance
(section 1 - figure 3)s The latter two, formed by
oxidation and l2oc=hydroxylation of 7x=hydroxycholesterol,
were formed in sgall yield under the incubation conditions
employed in these investigations, and in no case
totalled more than 25% of the radicactivity found in
the area attributed to 7x~hydroxycholesterol. 1In some

experiments none of the l2x~hydroxylated derivatives
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was detected. The three products have been grouped
together and termed "enzymic roducts", although the
purpose of this work has been to prove that this indeed
is the case. The terminology of autoxidation and
enzymic products is therefore largely one of convenience,
the aim being to simplify the acsessment of the overall
metabolism of the substrate. The evidence Jjustifying
the distinction between Yenzymice" and"autoxidation"

products will be presented in section 3.
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The problems associated with the autoxidation of

cholesterol were discussed briefly in section 1, Non=

enzymic oxygen attack of cholesterol does not appear to

occur jin vivo; autoxidation products in tissue extractp

identified by early workers were probebly artifacts
formed during extraction and analysis. This problem
arises in jn yvitro studies with sub-cellular fractions,
especlally with preparations of liver. Little
autoxidation appears to ocecur in cell fractions fram
other organs, e.g. bovine adrenal cortex mitochondria71
and rat ovarian mitochondria72, etc. The difference
in susceptibility of cholesterol towards non-enzymic
attack may be due to the amounts of free cholesteroi
in the preparation; 1lipoprotein bound or esterified
cholesterol appérently'is protected against autoxidatio:
The added ¢holeaterol-h—1u0 was in the form of the free
sterol. Some tissues may afford a protection of the
free sterol by high levels of 'antie-oxidants'; these
may be free radical trapping agents, since autoxidation
mechanisms may involve attack by free radicals

(section 6).

Normally, an jp vitro biochemical reaction is
controlled by the inclusion of a boiled, enzymically.
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inactive sample, incubated and assayed under identical

conditions; an estimate of non-enzymic activity can then

be made, Unfortunately this technique cannot be used
in this work since inactivation of the tissue by boiling
actually enhances non-enzymic attack, giving a
eignificant and random conversion of the substrate to a
variety of products. Various sections in this thesis
are concerned with the techniques which have been
developed to minimise non~enzymic metabolism; in many
studies, however, it has been necessary to allow, or
correct, for autoxidative conversion of the substrate
as a normal consequence of the in vitro assay syestem,
Such products must be carefully considered so that they
are not confused with enzymically formed products.

Since autoxidation is in reality a demonstration
of the reactivity of the cholesterol mqlécule towards
molecular oxygen, it is likely that the normal, enzymic
reaction occurring in the liver cell also utilises this
property of the cholesterol molecule. The reactive
centre of cholesterol is located in the 5«6 double bond
region of the molecule; positions Y4 and 7 are allylic
and sre thus reactive (figure 1l). 7x=-hydroxycholestero]
postulated to be the first intermédiate in cholesterol
catabolism by the liver, has also been identified as
one of the major products of autoxidation. Recently,
more than thirty possible cholesterol autoxidation

products have been found,73 eand the major ones shown to

be
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Tx=hydroxycholesterol, 7p=hydrecxycholesterol, 7-keto-
cholesterol and cholestan=3p,5x,6p=triol (figure 7e

It is essential, therefore, that a distinction can be
made between enzymic and non-engzymic activity. In
order to do this it is necessary to consider as many of
the known and peostulated autoxidation products as
possible, to determine the mechanisms by which they
arisee. It should then be possible to assess how they
may interfere with the assay for enzymic activity.

One theory is that the attacking species is
molecular oxygen itself, forming hydroperoxides of
cholesterol. Hydroperoxides, which are generally
unstable compounds, could then decompose in different
ways to give the products which are eventually detected.
Two hydroperoxides of cholesterol have been prepared
chemically, the 5x and 7«x-hydroperoxides (figure 8 and
appendix 4)s The Sx~hydroperoxide is the product of
initial attack under the influence of light and can be
isomerised to the 7u-position. There 1s slsc some
evidence for a 6-hydroperoxide formed by attack at Cge
The 7x=hydroperoxide is interesting in that a simple
reduction could form 7x-hydroxycholesterol an
autoxidation and a postulated enzymic product. This
illustrates how enzymic and non-enzymic mechanisms might
share a common oxygenated intermediate species, Produc
formation by the two routes would depend on the

directional influences of the medium: where conditions
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favoured enzymic activity, the predominaﬁt product
would be formed enzymically. Mono=oxygenated
derivatives of cholesterol, epoxides, can be prepared
chemically. A sterold epoxide formed from a possible
naturally occurring internal peroxide has also been
reported.78 The 5,6 x and 5,6F’epoxidea of cholesterol
are shown in figure 9.

The oxygenated compounds described above represent
some of the possible intermediates which might be formed
by oxygen attack, and which could be inveolved in both

enzymic and on=enzymic mechanisms.

The experimental data presented in this section
are the results of some investigations with
cholesterol 5«= and TX~hydroperoxides and with
cholesterole=5«6X=epoxide to determine if any or 2ll of
these compounds are possible intermediates in
autoxidative or enzymic mechanisms, The materials were
prepared as described in the appendix and incubated as

normal,

(1) 5x= and 7x-hvdroperoxides

Both hydroperoxies were unstable and were converted

to other products on incubation with buffer at pH 7.l.

In the presence of any tissue preparation, boiled
or native, the conversion of each compound to the

products shown in tsble 1 was quantitative. The
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Ta=hydroperoxide formed 7o=hydroxycholesterol and
7=keto-cholesterol; major products from the
Sx=hydroperoxide were cholest—G-en—}ﬁ,5«-diol, and
Tx=hydroxycholesterols The formation of 7x=hydroxy=
cholesterol from the S5«=~hydroperoxide suggested that
isomerisation could occur on incubation. In both cases
about six minor products were observed. These products
had mobilities more and less than the parent compound;
one of these derivatives appeared to be 7?—hydroxyb
cholesterol. The conversion of cholesterol=5x= or-

Tx=hydroperoxide wae not affected by WADFPH,

(11) Chflesterole5«,6ua=epoxide="H (Appendix L)

This compound was also found to be unstable on
incubation with buffer (table 2); NADPH again had
little effect, but boiled tissue appeared to protect
the substrate against decomposition. With unbailed
18,000 g supernatant, a 157 conversion was observed.
The reaction products appeared to be choleatan—Bﬁ, 5y
GP-triol (possibly formed by hydrolytic cleavage),
ohalestanPSF,Bx-diol and a material with the mobility
of ?P-hydroxycholesterol which was not identified
further. In contrast to the hydroperoxides, which
were decomposed equally well by boiled preparations,
there may be an enzymic reaction which can metabdise

this epoxide.

However, none of three compounds examined was
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lesterol=

% Buffer | NADPH | Boiled 18,000 g
Conversion alone 18,000 g| + NADPH
+ NADPH
oﬁowmmdmblum.ma.mwlﬁuwow 2.5 23 1.2 73
gOHmmdm;lumawx.lQHOH Otm H..H- H..u MOH
.ﬂmlwwmuouwowowmmdmwow 30 p 8 1.0 58
% Total conversion 6.0 el 3¢5 15.2
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selectively converted into 7u=hydroxycholesterol by an
engymic mechanism, so that they are unlikely to be
involved in enzymic 7x=hydroxylation. Nevertheless,
the instability of such compounds has been demonstrated,
and intermediate formstion of materials of this type
could well account for a number of autoxidation
products,. Although unstable intermediates are
unlikely to survive in appreciable quantities after
incubation, extraction, etc., some may be present in
the final analysis of lipid extracts. Thelr detection
at this stage would be difficult, since epoxide and
hydroperoxide functions impart little additional
polarity to the cholesterol molecule, The mobilities
of the hydroperoxides and epoxides by thin layer
chromatography were found to be very similar to 7-ketce-
cholesterd, from which they could not be separated
(Appendix 2)e The products formed from these
derivatives, mainly diols, also tend to have similar
polarities so that the dihydroxysterol area of the thin
layer plate can containt

To - and ?p-hydroxycholesterol

choleatan—3P s5x=diol (from - epoxide)

cholestan-}F,GF-diol (fromf%—epoxide)

choleat-G—en-BF,5&ﬁdiol (from So- OCH)

cholest;1-5-en-3ﬁ,hﬁ-diol, which may also be an
autoxidation product, has the same mobility as cholest-
6-enr3f.5x-d101.
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Fortunately, the products formed on incubation of
cholesterol-u-luc with liver cell fractions did not
appear to be a complex mixture of these materials,
Metabolism of this substrate under all conditions
produced only six detectuble and apparently homogeneous
radioactive metabolites, formed in varying amounts
dependent on the conditions of incubation. These
compounds behaved on thin layer as the named standards,
and were identified by the methods detailed in appendix

De

(a) [shﬂlﬁﬁiﬂnziﬁgiz;éF:Ixinl'

Radioactive material isolated from incubation
was co=chromatographed with choleatan—}ﬁ,5&,6F-triol.
5F-cholestan-3¢]glaptriol (trihydroxycoprostane), and
choleat-5-enr§F,Zx,26-triol. The physiological
significance of the latter two triols has been discussed
in section 1. The radicactivity ran with the
autoxidation triol, which was more polar than the other
two. A sample of the unknown material was oxidised
with N-bromosuccinimide and again chromatographed. It
has the Rf value of choleatan~3@,5u—d101-6-one, the
oxidation product of chnlestanPBF,5u,6p-triol. It was
concluded that the metebolite was cholestan—Ef,Sm,GF-trio

This trihydroxylated sterol was not metabolised
further by liver cell fractions.
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(B) 'Zg=hydroxycholesterol'’

The radiocactive metabolite was crystallised to
constant specific activity with standard
TF-hydrozycholesterol. The radioactivity was retained
by the crystals. It was concluded that the material
was 7F-hyﬁroxycholesterol; no further metabolism of

this compound was observed.

(C) 'I=keto=cholesterol'

Attempts to crystallise the 7=keto-cholesterol=like
material were unsatisfactory; in some cases the
radioactivity was retained, in others not. It was
concluded that this fraction was of heterogeneous
composition, and possibly contains 7-keto=cholesterol
with one or more products in vaerying amounts,. This
metabolite will be further discussed in section 6.

A tritiated sample of 7-keto-cholesterol (prepared
as in Appendix L4) was incubated with boiled and native
18,000 g supernatant fraction. With boiled tissue
there was a small but detectasble metabolism (table 3),
presumably autoxidative, to several products which had
the mobilities of cholestan-5f,5m,GF-triol, Toe= and
Wﬁ-hydroxycholesterol and less polar products. In
native tissue, there was a significant, selective

conversion to TP-hydroxycholeatarol, suggesting that a




% Ceonversion Boiled Native
cholestan-}f},%g,t‘:iﬁ-triol 3.0 2¢5
7x=0CH chel. 1.4 1.2
TP-OH chol, 243 570
Non=polar metabolite 2.0 8.8
Total 8.7 6945
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7=keto reductase was present in the preparation.

T=keto=cholesterol may be the major source of
7F—hydroxycholesterol found in incubations; there is
little evidence of significant 7o=hydroxycholesterol
formation from this compound. The mechanisms of triol

formation from 7=keto=cholesterol are not known.

The three metabolites identified above, together
constitute the group of products referred to as
'non=enzymic' or 'autoxidation' throughout this work,
It has been shown that active preparations may
metabolise cholesterol=Kepoxide and 7=keto=-cholesterol;
there is little evidence of 7x~hydroxycholesterol being
formed from these compoundss The term 'non-enzymic
products' is therefore used to simplify assessment of
several products, which do not include 7x=hydroxy-
cholesterol; it does not imply that no enzymes are
involved at any stage in the formation of these

products,.

The last three of the six metabolites together
make up the group termed 'enzymic' and were identified

as follows.

(A) ‘'Ix-hydroxycholesterol'

The radioactive material was crystallised to consta

specific activity; the radiocactivity was retained by

nt
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the crystals so that it was concluded that the

radiocactive metabolite was 7x=hydroxycholesterol.

(B) 'gholestehe=en=3on=7xol' and |
'E]QQJQEI"!I 52'3'5’.]2"22; ;ag:_glgli

The two metabolites having the mobilities of these

compounds (whose physiological significance was discussed

in section l)were not crystallised with standards
since they were formed in small yields, and standard
materials were in short supply. Evidence of their
identities is circumstantial and is based on the
followings

(1) Their mobilifles were unlike any
autoxidation products; they were not formed in boiled
preparations,.

(2) Their formation followed that of
7x=hydroxycholesterol and not the autoxidation
products,. 7x=hydroxycholesterol was the major product,
with the two metabolites together accounting for less
than 20% of the total activity.

(3) Subsequent study with 7x=hydroxycholesten
(section 9) showed that these compounds were the major
metabolites of 7u§hydroxycholestercl.

The results described in the rest of
this work are expressed as described in this section.
On many occasions, it was evident that all of the

7x=hydroxycholesterol formed by a preparation could

ol



32

not be attributed to an enzymic source, so that under
these conditions an autoxidative mechanism for
TX=hydroxylation becomes significant, #Jhere
autoxidation in general was low, it was presumed that
essentially all of the product was formed cnzymically.
Reference will be made to these errects when they are

apparent,.
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Section UL,

(1) Metabolism of cholesterol-l=""C by liver cell
fractions.

Cell fractionation procedure is described in
section 2. Each incubation sample contained whole
homogenate, mitochondria er microsomes from about 1.3 g.
of liver, Supernatant or S.F. fraction from the same
weight of liver was added where indicated. The samples
were buffered to a total volume of about 7 ml. with
Oel M. phosphate pH 7.4; NADPH generator and substrate
cholesterol-h-lhc were the only other components of the
incubations, which were carried out for one hour at
379, The results are shown in table 4, expressed as

autoxidation and enzymic products as previously definedq.

(2) Liver homogenate

Enzymic products formed in this fraction consisted
of equal but small amounts of 7x~hydroxycholesterol and
its oxidation product, cholest=l=ene3—on=-7x=ol.

Total non~enzymic products in liver homogenate
accounted for about twice the radicactivity found in

the enzymic products.

(v) Mitochondria

Conversion of cholesterol=h=1HC to
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Tx=hydroxycholesterol by the mitochondrial fraction was
aprroximately the same as that found with whole
homogenate, but slightly more cholest=l=cn=3«on=7x=0l
was synthesised. More of the autoxidation products

were formed,

(e) Microsomes

Formation of 7xe=hydroxycholesterol by the
microsomal fraction was greater than by mitochondria
or by whole homogenate, but the total conversion to
enzymic producte was the same as that in mitochondria.

Formation of non=enzymic products was lowzr,.

(a) Supernatant fraction

No metebolism of choleatarol-h-lhﬂ to either
enzymic or non=enzymic products by the supernatant

fraction was observed,

Comperison of the metabolism of cholesterol-u-lhc
by whole homogenate, mitochondria or microsomes showed
that none of these fractions was capable of effecting a
significant conversion to 7x~hydroxycholesterol in the
absence of autoxidation praductse With the exception
of the superhatant fraction (in which there was no
oxidative metabolism) 7n=hydroxycholesterol together
with its oxidation product accounted for only about one

third of the total conversion by each fraction, None
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of the l2«=hydroxylated derivative was detected in

these samples, Autoxidation in these samples was high
by comparison with the metabolism to 7x-hydroxycholestér

and cholestel=en=3=on=7x=0l, s0 that it seems likely

that a significant proportion of the 7x=hydroxycholesten

may have been formed by a non=enzymic route, in which

case the true enzymic activity may be substantially lower

than the sbove estimates.

In view of the low enzymic activity of these cell
fractions, combinations of mitochondria and microsomes
with the 105,000 g supernatant and S.F. fractions were

assayed Tor activity.

(e) 1. NMitochondria + supernatant

The presence of cell supernatant fraction
with mitochondria increased the conversion of
cholesterol=l=C to more than twice that found with
mitochondria alone. However, this increase was due
largely to an enhanced formation of the autoxidation
products; enzymic activity was indeed larger but the
two enzymic products accounted for little more than a
gquarter of the total metabolism,. Nevertheless, this
increase was accounted for by en increase only in
Tx=hydroxycholesterol}, and not by an inerease in

cholest=l=cn=3«on=7x=0le Metabolism to

Tx=hydroxycholesterol by this preparation was more than

four times that found in the mitochondrial fractione.

ol

ol
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2. Mitochondris + S.F.

Metabolism of cholesterole=l=13C by the
mitochondrial fraction fortified by S.7. was slightly
greater than that by mitochondria alone., Again
autoxidation was enhanced as with native supernatant
fraction, and there was also an increase in the amount
of 7x=hydroxycholesterol formed. This increase gave a
metabolism to this sterol which was twice that found
with mitochondria alone.

(£) 1.

Of the total product formation by the cambined

microsomal and cell supernatant fractions, non-enzymic
products accounted for less than half of the radioactivi
with 7x-~hydrozycholesterol alone representing a
conversion of 2,4% of cholesterol—h»luC, making a
total of 2,9% with its oxidised derivative,
cholestwl=en=3=on=7x=~0ls

2. lMigrosomes + S.X.

Fortified with S.F. fraction, microsomes
effected a total metabolism slightly greater than that
found in the corresponding mitochondrial preparation

ty,

but the enzymic products were almost doubled, the incregse

appearig as a selective increase in 7x=hydroxycholesterd

In the presence of native 105,000 g

Lle
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supernatant fraction or S.: ., metabolism of
cholesterolel="1C by the mitochondrial and microsomal
fractions was markedly enhanced, Cell supernatant
was the more potent of the two preparations.

Formation of non~enzymic products by fortified
mitochondrial preparations was increased more than the
enzymic products in the same samples; no increase in
cholest~l=en=3=on=7x=~0l, the oxidised metabolite of
Tx=hydroxycholesteral, was observed, so that there
appreared to be a significant stimulation of
Tx=hydroxylase activity. The largest increases in the
metabolism to 7xX~hydroxycholesterol were found in the
fortified microsomal preparations, in which the total
conversions exceeded those in the corresponding
mitochondrial preparationse. With the 105,000 g
supernatant microsomal conversion to 7X-hydroxycholesier
was much larger than any of the other combinations
investigated. There appears to be little doubt that
significant enzymic 7x~hydroxylase activity was present
in this sample, Increased activity was also present in
the microscmes + S.F. sample but was much lower than

with untreated cell sap.

Although some 7x=hydroxylase activity was
found in the fortified mitochondrial preparations
(possibly due to microsomal contemination in the
mitochondrial fraction) it was considered that

microsomal preparations would be the obvious choilce
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for further investigation of the enzyme system which
effects the 7x=hydroxylation of cholestarol-hmth.

The results shown in the lower part of table L4
were obtained under the same incubation conditions
deseribed above, but using prcepaerations of liver
microsomes only. The metabolism of cholesterol-hpluc
was studied in an isola ted microsomal preparation, and
in microsomes resuspended in the cell sap (supernatant)
and in S.F. These preparations were contrasted with
the metabolism by the 18,000 g supernatant fraction,
i.e. 2 homogenate from which nuclei, cell debris and
mitochondria have been removed, and which can be
separated inte the microsomal and 105,000 g

supernatant fractions.

(a) Microsomes alone

Of the total metsbolism of cholesterol=l=""C by
microsomal fraction, more than half of the radiocactivity
was accounted for by the two enzymic products.
Metabolism to 7x~hydroxycholesterol alone represcnted
a conversion greater than to the three non-enzymic

products.
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(v) Migrosomes + S.F.

This fortified microsomal preparation further
enhanced the selective metabolism to
Tu=hydroxycholesterol which accounted for 555 of the

more polar products,

Almost twice as much radiocactivity was found in
the 7o=hydroxycheclesterol area as was lound in the
three areas corresponding to the autoxidation products,
which were formed to the same extent as in the

microsomes + S. . sample.

() licrosomes + supernatant (18,000 g supernatant).

A conversion of 8.,0% to the two enzymic products
was obtained by incubation of the unseparated microsomes
+ supernatant fraction, In the same sample, total
metabolism to the three non-enzymic products accounted
for only 0.5% of the added radiocactivity. Under these
conditions, it can be presumed that essentially all of
the 7«~hydroxycholesterol has been formed by an enzymic
mechanism.

The results from the two experiments shown in
table 4 indicate that the overall metabolism of

cholesterolwhnluo can be enhanced by S.f., and by native
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105,000 g supernatant fraction, the latter being the
more effective. Conversion of the substrate to non=
enzymic products was very similar in the duplicate
samples of the two experiments. Enzymic asctivity, in
contrast, was higher in the second experiment,
specifically with respect to the 7o~hydroxylase
activity, the effect being most pronounced in the
microsomal and microsomes + S.F. samples, The
difference in conversion to the enzymic products by
the microsomes + cell sap fractions was not so marked.
Thése results demonstrate the differences which are
invariably found in the levels of enzymic activity
present in identical preparations from different livers,
The similarity in the samples fortified with 105,000 g
supernatant therefore suggests that the enzyme system
requires one or more co-factors, whose distribution
between the cell fluld and microsomes is variable,
accounting for lower and widely different enzymic
activities in isolated microsomal fractions. Possibly
a thermo-lablle co=factor is involved, since

metaboliasm by microsomes + S.F. 1s intermediste between

microsomes and microsomes plus cell sap. However, none

of these preparations of combined cell fractions
showed the large, selective metabolism to
7x=hydroxycholesterol found to occur in the 18,000 g
supernatant fraction, where the conversion was more than

dable that by the recombined microsomal and 105,000 g

!
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supernatant fractions, This enhanced activity was
observed in the presence of only about one thibd of the
non=enzymic activity in the same sample. It was
evident that a much more physiological system existed
in this fraction than in any other previously examined,
and this resulted in a selective metabolism to the
enzymic product, 7«x-=hydroxycholesterol, The low

level of the autoxidation products under these
conditions has been found to be indicative of an active
preparation; it is reasonable to postulate that an
absence of non-enzymic activity suggests that the
tissue preparation in the incubation medium provides
an environment which more closely approximates to
actual intra-cellular conditionse The substrate added
to this enzyme solution is then less likely to be
attacked by a mechanism which is not opersative in the
normal working of the cell; in this case the substrate
is protected against non-enzymic attack, the
autoxidation products (whose formation in vivo has
never been substantiated) are kept to a minimum,
Exactly why the sedimentation of the microsomal
fraction should produce a less active but more

autoxidation=sensitive system is not known.

Most of the results described in this thesis have
been obtained using the unseparated 18,000 g supernatant

fraction (apart from the present discussion, the
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microsomes + supernatant fraction referred to in later
work is synonymous with 18,000 g fraction). Not all
of the experiments were found to have such a high level
of enzymic activity as the preparation described in
this section, nor do they all show the same selectivity
in the conversion of chplesterolnunluc to
T=hydroxycholesterol. However, the effects of S.1.
and cell sap fractions have been well substantiated;
the reasons for the differences in the metabolism by
the different microsomal preparations will be later
discussed after consideration of various factors

which were found to influence the 7x=hydroxylase systém,

(111) Metsboliem of cholesterol=i="C by 18,000 g
Supernatant
(microsomes + supernatant)

HADPH dependence

The experiments in the prceceding two chapters of
this section were performed in the presence of an
NADPH generating system, whose components were added in
the concentrations described in section 2. For the
purposes of the following discussion, these
concentrations are referred to as "normal". In table
5 are shown the results of an experiment to investigate

the metabolism of cholesterol=i=14C by the 18,000 g

supernatant fraction in the presence of different




N = "normal'
in section 2.

concentration defined

% Conversion %% N N x 10
Total 2.0 | 3.4 be3
Autoxidation 0.9 1.0 1.0
7x=0H chol. 0.6 | 2.2 340
cholestel=en=3=on=7x~oll 0.5 | 0.2 0e3
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concentrations of NADPH generatore. The concentrations
used corresponded to the "normal" concentration, and

thie concentration increased and decreased ten fold.

None of the three concentrations significantly
affected the conversion of the substrate to non-enzymic
products. Enzymic activity, in contrast, varied
from 1.1% to 3.3% of the added radioactivity. Little
additional metabolism to the enzymic products was
obtained by increasing the NADPH concentration by a
factor of ten, but there was a substantial decrease in
these products with the lowest concentration. No
evidence of the l2«=hydroxylated derivative of
cholest=l=en=3=on=7x=0l was found in this preparation;
however, a significant oxidation of 7x=hydroxycholestera
occurred in the presence of the low concentration of
NADPH, suggesting that this oxidation reaction was
enhanced by depletion of the reduced form of the

co=factor.

On the basis of this evidence, it was considered
that the concentration of NADPH defined as "normal"
should be used as the standard NADPH concentration for
further work. Although a higher level of enzymic
activity was observed at the highest concentration,
the extreme cost of material prohibited the use of this

concentration in normal work; the level of reduced

1
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co=factor in these circumstances is also very
unphysiologicale. The selected concentration is
probably much higher than that present in the intact
cell but it was considered essential to maintzin a high
level of co=factor in the reduced form, in order to
counteract the losscs due to the high levels of
glucose=b=-phosphatase, and NADP'ase activities present
in microsomal preparations. Oxidation of NADPH itself

by the microsomal fraction is also very rapid.7u

Summary:

l. Evidence presented in this section indicates
that the enzyme system responsible for the
7x=hydroxylation of cholesterol is located in the
endoplasmic reticulum of the liver cell, the most active
engzyme fraction being the 18,000 g supernatant.

2+ The 7X=hydroxylase system requires the
addition of NADPH; in the presence of low concentration
of this nucleotide the enzymic activity was

substantially reduced.

3¢ Non=enzymic activity, expressed as the total
of the three autoxidation products, was in some cases
large, and under these conditions it must be
concluded that true enzymic 7x-hydroxylase activity
may be much lower than the values found, due to the

formation of 7X~hydroxycholesterol from a non=-enzymic

5]




sources In the 18,000 g supernatant fraction, the

substrate appears to be protected against non-enzymic

oxygen attack,

45,




In the previous section the metabolism of

cholesterol—h-luﬂ was investigated in the 18,000 g
supernatant fraction (microsomes + supernatant). The
methods employed for cell fractionation and the
subsequent incubations are described in section 2;
these techniques are used by other workers in
investigations of this type, and can be considered as
fairly standard. However, the results obtained by
incubation of the 18,000 g supernatant fraction
indicated that large variations must be expected in the
levels of 7x=hydroxylase activitye. The present section
deals with the further investigation of the techniques
and conditions used in the assay system, in order to
determine where a loss of 7x=hydroxylase activity
might occur even before incubation of the tissue, and td
ensure that, within narrow limits, conditions were

optimal for the enzyme system.
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(1) ZIissue homogenisation

After mincing, liver was homogenised as described
in section 2. This process was, however, subject to
extreme variation with the equipment employed. The
power source, a small electric motor attached to the
Teflon pestle, required constant adjustment during use
to maintain a slow and smooth homogenisation, so that it
was impossible to reproduce the same conditiocns exactly.
Investigations of the "extent" of homogenisation were
performed using a high torque motor, so that there was np
significant change of speed when in use. The speed
was fixed at 475 re.pem. by a stepdown gear system.

ATfter the liver homogenate had been prepared by this
method, it was centrifuged as usual at 18,000 g/15
minutes, and the preparation assayed for activity. The
units of "homogenisation" are arbitrarily defined as the

number of upward or downward strokes of the pestle.

In figure 10 are shown the results obtained by
incubation of the various 18,000 g supernatants with
eholesterol-anluc. Total enzymic activity, expressed
as the percentage conversion of the substrate to
7x=hydroxycholestercl and its two metabolites, varied
from 4.0 to 2.2%. Within these figures,
Tx=hydroxycholesterocl itself accounted for 80-90j. of
the enzymic producte; the proportion of the diol in
this experiment was rather lower and more variable

than found in other circumstances.
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The highest level of activity was observed where
the tissue had been homogenised by one stroke of the
pestle. Further homogenisation rapidly reduced the
activity, although this decrease was not so marked
after the initial few strokes, during which the
activity was reduced by about 30%.

Noneenzymic products varied from l.l to 1.6%
conversion of the substrate, and their formation tended
to be rather erratic within these limits; no
significant increase or decrease in the total of these

three products was observed.

These results indicate that the organisation of
the 7«~=hydroxylase system is vulnersble to a
homogenisation technigue which cannot be considered sas
harsh. In subsequent investigations of the 18,000 g
supernatant fraction, this method of homogenisation was
used. Two strokes of the pestle were employed since
it was found on some occasions that one stroke was not

sufficient for complete homogeneity of the suspension.
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(ii) Speed of ceptrifugation.

In the preparation of the 18,000 g supernatant
fraction, one centrifugation of the liver homogenate
was employed to remove nuclei, cell debris and
mitochondria. This centrifugation, equivalent to
Le5 x 10° g hours, is relatively high compared with
values of 1 x 103 and 3 x 103 g hours used by other
workers in the separation of the mitochondrial fraction.
The results presented in this chapter were obtained by
the incubation of the supernatant fraction and the
pellet fraction after centrifugation of the liver
homogenate for various times up to 30 minutes at
18,000 g« The two curves obtained for both enzymic and
autoxidative activity the supernatant and pellet fractic
are plotted in figure 1ll.

(a) ZRellek
Enzymic and non-enzymic activity in the

pellet from each centrifugation were approximately
similar, After 10 minutes centrifugation, all of the
mitochondria were probably sedimented, so that this
low level of activity substantiates the finding above
(section 4) that the mitochondrial fraction was not
the site of the 7x-~hydroxylase system.

|

1L
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(b) Supernatant

Whole liver homogenate which had not been
centrifuged was almost devoid of activity (ef. secction
4)s Enzymic activity, expressed as the total of the
three physiological products increased as the mito=-
ichondria were removed from the prepapation.
7«=hydroxycholesterol accounted for 84=93% of the total
of the three products, with maximal metabolism of the
substrate occurring in the supernatant fraction isolated
at between 10 and 20 minutes at 18,000 g. After 20
minutes the activity again fell. Metabolism to the
three non=enzymic products increased to plateau level at
about 20 minutes; no decrease after 20 minutes
comparable to that found for the enzymic activity was

observed.

It was concluded that the rapid increase in
Tx=~hydroxylase activity as the centrifugation time was
increased was due to the removal of sub=cellular
particles containing enzyme systems which compete with
the hydroxylase system for the available co-factors,
such as reduced NADP and other co=factors as yet
unidentified, The drop in activity of the supernatant
separated at 18,000 g for 30 minutes (9 x 10° g hours)
eannot be explained on the same basis; the
7x=hydroxylase system has already been established to
belong to the endoplasmic reticulum of the liver cell,
and centrifugation for this time should not sediment
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more than a small portion of the microsomes, which
fequire about 100,000 g hours for complete
sedimentation. However, it has been demonstrated that
the enzyme system is sensitive to high speed
centrifugation, whereby the endoplasmic reticulum 1is
packed into pellet forme. Possibly the reduction in
activity observed in this experiment was due to an
early stage in the packing process, implying that
system is sensitive even to the preliminary accumulation
of the endoplasmic reticulum prior to the formation of

the microsomal fraction as a discrete pellet.

The results of this investigation show that
the centrifugation time of 15 minutes at 18,000 g used
for the isolation of the "microsomes + supernatant
fraction" lay within the range determined for optimum
Tx=hydroxylase activity.
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The metsbolism of cholesterol=i=14C by the

18,000 g supernatant was studied in incubation samples
buffered with phosphate in the range 6.9 to 7.6 The
results are shown in figure 12, ™ =hydroxycholesterol
was the major enzymic product, accounting for 83-857% of
the radicactivity in the three metabolites, except at
pH 7.6 where this figure was 90%. The highest
conversion to these products was found in the range

PH 7.2 to 7eU4, with the activity decreasing on either
side of these limits. However, the enzymic products

at pH 6.9 were found to be greater than the values found

at pH 7.0; further investigation at lower pH values
showed that this observation was indeed genuine,

Autoxidation products, which remain fairly constant in

the range of 7.2 to 7.6 also increased at pH values below

6.9. Rather erratic results were obtained at these

lower proton concentrations, but it was evident that

this was due to a significant stimulation of non-enzymig

activity. Presumably the interruption of the smooth
curve for the enzymic products in the range 7.0 to 7.6
was due to an enhanced formation of 7x=hydroxycholesterad

from 2 non-enzymic source.

This investigation provides further indication
that a substantial portion of the 7«~hydroxycholesterol
isolated from incubations has arisen by an

1
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autoxidative mechanism. However, the pl of the
phosphate buffer normally used in incubations was
7ol + 0,02, which was within the range of pi values
at which enzymic metabolism ‘iI!'aB .;optim, but in the
absence of a concomitant increase in'non-enzymic

activity.
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(iv) Metgbolism of Qgg;ggtergl-g—lhc by different
concentrations of 18,000 g supernatant
fraction

One of the large problems in the study of
cholesterol catabolism by the liver is due to the large
and variable amounts of free and ester cholesterol
present in all of the sub-cellular fractions, In
order to be able to study the metabolic processes with
accuracy, it is necessary to use trace amounts of
radiocactively labelled cholesterols This further
complicates matters since there is no way of knowing
exactly in what form and environment the endogenous
cholesterol exists, It must be presumed that at least
some of the labelled material equilibrates with the
endogenous sterol, so that a radioasctive asssy of the
metabolites can be used as a measure of the metabolism
of the endogenous substrate. In this study, cholesterq
4= was added as described in the form of the free
sterol, in a small volume of acetone. Ir
equilibration of this cholesterol with the endogenous
pool destined for catabolism to the bile acids takes
place, then it would be expected that, irrespective
of the amount of enzyme present in the sample, the
conversion of the labelled material to the various
products would be invariable, depending only on the

particular liver preparation under investigation.

DLl
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Figure 13 shows the metabolism of a fixed amount
of choleaterol—h-lhc by different amounts (volume) of
the 18,000 g supernatant fraction. Samples containing
less than 4 ml, of tissue preparation were made up to
volume with 0.25 M. sucrose, The volumes of the
microsomes + supernatant fraction were equivalent to

O=l.3 ge of whole liver,

No metabolism was observed in the sbsence of
tissues T7x=hydroxycholesterol, in the samples with
Oe5 and 1.0 mls of tissue accounted for 90 and 88% of
the total engymic products and from l.5 to 4 ml.
represented 96 to 92% of the total. Between 2,5 and
4 ml, of tissue, the metabolism to the enzymic products
remained constant; the lowest value was found in the
presence of 1.0 mle of tissue, the sample precedig
this being significantly higher. Non=enzymic product
formation was greatest in the presence of the lowest
concentrations of tissue, but this activity was quickly
reduced as the amount of the enzyme increased. It
appeared that susceptibility towards autoxidative attack
increased as the samples were diluted, which also gave
a less active enzymic system. The anomalous increase
in the level of the "enzymic" products in the most
dilute system was considered to he explicable in the
same way ad described above (iii), i.e. an enhancement
of autoxidative activity results in an increase in

Tx=hydroxycholesterol from a non-engymic source.
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These results show that within the range of 2.5
to 4 ml. of the 18,000 g supernatant in a total
incubation volume of 7 mle. the measurement of the
radiocactivity in the products is a valid measure of
the metabolism of endogenous substrate,
Equilibration of the labelled sterol with endogenous

cholesterol appeared to be excellent.
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Figure 14 shows the formation of enzymic and
autoxidation products by the 18,000 g fraction, in two

experiments, over three hours.

Both graphs show that enzymic product formation
was initially rapid, with a fall=off after 30-~60 minutesg.
The product was almost entirely 7x=~hydroxycholesterol
during the initial rise, The oxidised product of
Tx=hydroxycholesterol, cholest=l=en-3-on=-7x=o0l,
slowly increased, especially in the plateau region
after 30 minutes, suggesting that there may be a
depletion of NADPH at this stage, allowing the

oxidation reaction to proceed.

It will be noted that the level of activity in
each experiment was markedly different, illustrating
the variations which are found. Both curves have the
same characteristics, and in both cases the level of
autoxidation initially found was very low. At longer
incubation times it was found that the autoxidation
products rapidly inereased until, in experiment 2, their
total exceeded that of the enzymic products. The
point at which this phenomenon occurred was different
in the two experiments and this again must be
explained by biological variatione.
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In experiment 2, a second addition of NADPH
generator was made at 90 minutes, to determine if the
lack of this co-factor was responsible for the effects.
It appeared that this further addition did nothing to
check the rise in the autoxidation products; it was
also found that the intial rate of enzymic product
formation could not be restored, although a small
secondary stimulation was observed. However, in the
presence of large amounts of autoxidation it is
probable that a significant proportion of the
Tx=hydroxycholesterol was formed non-enzymically, so
that the actual stimulation of true enzymic activity was
probably quite small.

It 1s considered that the failure to induce a
secondary rate approximately the same as that found
originally, was due to certain effects which became
evident in the longer incubation times; these effects
are also manifest in the large incresse found in the
autoxidation level occurring in this regione. Possibly
the tissue preparation, which was fortifiied only with
NADPH, is unable to preserve its structural integrity
for long periods; this results in a "decomposition" of
the enzyme system end allows the cholesterol in the
system to be exposed to an unphysiological environment

in which autoxidation can rapidly occur.

In all of the experiments described in the later

sections, incubations were conducted for no longer than




59

60 minutes, since longer incubation produced a rather
confusing spectrum of products as shown in figure 14,
However, in experiment 2, even at 60 minutes incubation
the autoxidation products were beginning to increase,
so that in those experiments where autoxidation waes high
this effect may have become evident at an even earlier
stage, and could account for the lower levels of enzymic
activity which were found, relative to the formation of

non-enzymic products.
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The metabolism of cholesterol—hrluc was followed
over 50 minutes under the conditions asbove in (v).
Total enzymic producte are plotted in figure 15, to
give a curve of the form already described.
7x=hydroxycholesterol accounted for a high percentage
of the engymic products as shown in table 6.

At the incubation times shown, where a sample was
removed for analysis, a duplicate sample was removed
and incubated for a further 30 minutes after the
addition of NAD. A series of samples was thus obtained,
with total incubation times varying from 30 minutes to
70 minutes,

It was found that, irrespective of the length of
"pre-incubation" period with NADPH, the same total
metabolism of the substrate occurred to the three
enzymic products, but the relative amounts of each of
the products was radiocally altered by incubation with
NAD which enhanced the further oxidation of
Tx=hydroxycholesterol, NAD was therefore capable of
increasing the rate of formation of the three products
in the presence of NADPH, but could not affect the
total conversion to these metabolites.s It will be

noted that the same conversion was attained by
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incubating for 50 minutes with NADFH alone, which gave
as the major product 7x=hydroxycholesterol.,

This experiment aﬁows that the availability of
NADPH and NAD in the system can affect the amounts of the
enzymic products relative to one another, but the total
metabolism to these intermediates is regulated by some
other factor in the preparation. This controlling
influence does not appear to depend on the removal
of 7xX=hydroxycholesterol by further oxidation., NAD dia
not affect the autoxidation of cholesterol, the
products of which totalled 1.5%.

The microsomal oxidation of 7X-~hydroxycholesterol
has been shown to be extremely efficient in the
present of NAD37, and NADP can also be utilised as the
electron acceptor, although not as efficiently as NAD,
Most of the incubations described in this work were
found to effect a small and variable conversion of
Tx=hydroxycholesterol to chdest=l=en=3=on=7x=0l and
cholest=lY=en=3=-on=7n,12x=-diol in the presence of an
NADPH generating system; the results of the present
experiment suggest that the oxidation of
TX=hydroxycholesterol depands on the relative
concentrations of reduced and oxidised nucleotides in
the preparation. The extent of the oxidation of this
sterol may reflect the activities of the enzymes which

catalyse the reduction, oxidation, hydrolysis, etc.
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of pyridine nucleotides in different preparations.
Variable concentrations of NADPH, NADP and NAD may
therefore be provided for utilisation by the enzymes

effeeting the hydroxylation and oxidation of cholesterol
and its metabolites.
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Summary

l. The cholesterol-?x-hydroxyléae system of the
18,000 g supernatant fraction was found to be sensitive

to prolonged homogenisation.

2¢ The most active enzyme preparation was the
supernatant fraction obtained by centrifuging liver
homogenate at 18,000 g for 10-20 minutes.,

3¢ The pH optimum of the hydroxylase system lay
in the range pH 7.2=7.L

4e A trace amount of cholesterol—h-luc was found
to equilibrate with the endogenous cholesterol pool,
allowing theradioactive assay to be used as a measure

of the metabolism.

5 The 18,000 g supernatant rapidly metabolised
choleaterol-h-lhc to 7x=hydroxycholesterol during the
first 30 minutes of the incubation. At long incubation
tiﬁes, the situation was confused by large and reapid

increases in the sutoxidation products,

6e Tx=hydroxycholesterol generated in the
incubation with the 18,000 g fraction could be oxidised
by further incubation with NAD; this nucleotide cannot
increase the overall enzymic conversion and affects only
the rate of product formation and the distribution of
the three products.
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In section 3 several oxygenated derivatives were
investigated as possible intermediates in both enzymic
and autoxidation mechanisms. It was concluded that the
hydroperoxides of cholesterol could be involved in
autoxidation, but there was no evidence for their

involvement with enzymic 7d=-hydroxylation.

The results presented in this section are
concerned with the in vitro metabolism of cholesterol
under canditions which favour peroxidation of unsaturated
lipids. Evidence fram various sources suggests that
peroxidation of l1lipids catalysed by liver microsomes
is linked to NADPH oxidation; various nucleotides such
as ADP have been found to promote a large increase in
oxygen uptake by microsomes with a concomitant increase
in the aldehydic products of peroxidation.75’76 A
probable scheme is shown in figure 16. The potency
of ADP is considered to be due to contamination with
ferrous ions, In such investigations, no lipid peroxid
can be isolated, and their existence is assumed from
the nature of the products formed. This can be
compared with the system postulated for initial oxygen

attack on the cholesterol molecule, i.e. formation

€s
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of an unstable oxygenated intermediate, a hydroperoxide,
which decomposes to the products eventually detected.

The tissue fraction and incubation conditions used
in this study were based on that of Ernster'”. The
system is composed as shown in taeble 7 of microsomes
in tris/hydrochloride buffer, with NADPH in the normal

concentration,

The terminology of enzymic and autoxidation product
~has been used in this section as in the rest of the
thesis. In this section especially, it must be
stressed that the use of these terms is basicaily to
simplify the expression of results; it will become
obvious under the conditions described here that the
distinction between autoxidation and enzymically formed

products cannot be made,

Table 8 shows the metabolism of cholesterolrh-lqc
by microsomal preparations in tris/hydrochloride buffer
under the influence of NWADPH, ADP and ferrous ions and
combinations of these co=factors., The concentrations

used are those shown in table 7.

(1) The total products formed by the eight
preparations tended to fall roughly into two groups -
those having a high conversion of the substrate
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(samples d, £, g and h = averaging 15%) snd those having
a low conversion (a, b, ¢ and e - averaging 3.4%).

The most active systems in terms of overall metabolism

of the substrate were the samples fortified with ferrou
ions with one or both of the two nuclecotides, ADP +
NADPH with no added ferrous ions also produced an activ

system.

(2) Products defined in section 3 as 'enzymic'.

Metabolism to 7oehydroxycholestercl and choleét-h-en—}-
on=7¢=0l1 was small by comparison with the three
'autoxidation' products. Only in two preparations,
(a) and (c¢) were the amounts of these two metabolites
at all significant relative to the overall metabolism
of the substrate; these preparations metabolised only
a small amount of the substraté so that the enzymic
product formation was smalle 7ox=hydroxycholesterol was
the major of the two enzymic products in the samples
with NADPH indicating that further axidation to
cholest=l=en=30n=7x=0l1l was suppressed in the strongly
reducing systems. In none of these samples was there
‘a selective conversion to 7«~hydroxycholesterol or its
oxidation product; where there was significant
metabolism to these products, there was a much larger
conversion to the three sutoxidation products. It
was concluded in these circumstances that there was no

evidence of enzymic 7a-hydroxylation of the substrate.
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substantial conversion to the 'non-enzymic products'
occurred in the samples described in (;) as having a
high overall metabolism of the substrate, Of the
three products, metabolism to one in particular was
exceptionally high. This product, having the polarity
of 7=keto=cholesterol and tentatively identified as thié
sterol, accounted for 55=65% of the total of all five
products under the conditions shown.

The metabolism of choleaterol—hwlhc was

investigated under the influence of the same co=factors
described above in (i) using suspensions of microsomal
acetone powderse The results are shown in table 9,
and indicate that extensive metabolism of the substrate
occurred under the same conditions as with native
microsomes. A low conversion was found in the sample
with ferrous ions as the only addition. The reason for
this is thought to be the lack of endogenous co=factors
in the acetone powder (by virtue of its method of
preparation section 2); these co-factors in native
microsomes could produce a pariially active system when

stimulated by ferrous ions,
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(111) Pfe ADP, ATP, Br=ANP
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The metabolism of cholesterol-h-lhc was investigateéd
in microsomal suspensions, fortified with NADPH and
ADP, ATP, 51-AMP or 3151-AMP. The results are shown
in table 10, Overall conversion of the gubistrate was
highest in the presence of ADP; ATP produced a.iess
active system, but this was significantly more active
than with 57-AMP or 315%-AuP,

Enzymie products, 7«x=hydroxycholesterol with small
amounts of choleste=l=en=3=on=7x=o0l, were not formed
selectively in the presence of any of these nucleotides,

The 7=keto=cholesterol compound accounted for most of

the more polar products in each case,

Table 11 shows the produnt formation by microsomal
suspensions in tris and phosphate buffers (0.05 M pH 7.4)
and the effect of ADP on these preparations. Total
metebolism in the phosphate systems was low, even in
the presence of ADP, The tris Buffered preparation
required ADP before a significantly higher conversion
was obtained. 7a=hydroxycholesterol in these samples
again accounted for only a small portion of the total

products.
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The results described in this section showed that
metabolism of cholesterol—h-luc by the microsomal
fraction was markedly enhanced by NADPH, ADP and
ferrous ions, ADP of several nucleotides tested gave
the largest stimulation of cholesterol oxidation, and
this has also shown to be the case with general
peroxidation of unsaturated lipids by the microsomal
fraction. The two systems therefore appeared to be
stimulated under the same conditions. Cholesterol,
itself a lipid, may be susceptible to a peroxidative
attack; peroxidation of lipids probably occurs in
the system described above, although this has not been
measured, so that cholesterol oxidation may be one part

of the extensive peroxidation system of the microsomes.

The major product formed from cholesterol under
these conditions was tentatively identified as
T7=keto=-cholestirol from its mobility on thin layer
chromatography. Identification of 7=-keto-cholesterol
as a major autoxidation product (section 3) was
unsatisfactory, and the results suggested that, while
T=keto=cholesterol certainly appeared to be a major
constituent of this fraction, at least one other
product was also present, Reference was made in
section 3 to various oxygenated sterols (hydroperoxides
and epoxides of cholesterol) which have approximstely
the same mobility as 7=keto=cholesterol.
Tx=hydroxycholesterol could be formed from the




70

hydroperoxides of cholesterol, but thie could occur in
boiled tissue samples; the spectra of products formed
from these hypothetical intermediates indicated that
they were not formed to a large extent in in vitro
worke However, in the present section, a system

has been described which could oxidise significant
amounts of cholesterol—h-lhc in the presence of
co=factors known to enhance the peroxidation of
unsaturated lipids. Various investigations were
performed on the apparently heterogeneous
7~keto=cholesterol fraction to find out if there was
any evidence of hydroperoxide or epoxide formation in
this system.




(1) Re=incubation.

The labelled product was isolated after
chromatography, and re-chromatographed to remove traces
of other metabolites. It was then re-incubated under

the conditions shown in table 12,

A significant but varisble metabolism was
observed in each case. The major products were
choleatany3ﬁ,Sm;GF-triol, 7F-hydroxycholeaterol and an
unidentified non-polar metabolite, The amounts of
Tx=hydroxycholesterol were small. The differences in
the conversion of the substrate (31 to 83%) were not
apparently due solely to the tissue preparation used;
a sample incubated for 30 or 60 minutes with
microsomal acetone powder gave almost the same
metsbolism of the substrate, suggesting that the
'substrate' remaining consisted of a material which
could not be metabolised. The metabolism by identiecal
tissue preparations of material isolated from different
incubations, (samples with 18,000 g suparnaﬁﬁnt
fraction) also appeared to differ markedly, suggesting
that the unknown fraction had a variable composition.

The products of these incubations did not éonform
to a definite pattern, e.g. the amount of
tri-hydroxylated sterol relative to Tﬁ-hydroxycholesterc

b1




System Microsoges Acetone,powder 18,000 g
ADP, Fe ADP, Fe supernatant

Time™ 30 60 60 60 60 60

% Y"triol' 16 i 25 13 21 33
2 7x=0H chol. 1 3 0 2 L 0

dw..om chol. 8 8 21 23 22 49

Non=polar

material 6 10 26 27 10 1

Total

conversion % 31 35 72 65 57 83
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could be greater or less, The most obvious source of
Tﬁ-hydroxycholesterol is 7=keto=cholesterol (section 3).
However, only small amounts of triol were shown to be
formed from 7-keto=cholesterol, certainly in much
smaller smounts than were found by incubation of the
unknown material,. Formation of 7x=hydroxycholesterol
appeared to be gbout the same as that found by
incubation of standard 7-keto=cholesterol, so that
triol was the only product which could not bve
explained by the metabolism of 7=keto=cholesterol.

(11)

A sample of the radiocactive 7=keto=cholesterol
fraction A was reduced with lithium aluminium hydride
(Appendix), to give the radioactive products shown in
histogram form in figure 17. TF-hydroxycholesterol
was formed in large yield, with smaller amounts of
Tx=hydroxycholesterol. Reduction ¢ 7=keto=cholesterol
gives predominantly the Q?-diol, with some 7@-epimer,
so that these preducts would appear to have come from
7=keto=cholesterol, An unidentified non=polar
compound was also formed, together with a material
which was more polar than 7o=hydroxycholesterol. A
sterol having such a mobility 1is cholestan—}ﬁ,G?—diol,
which is the major product in the reduction of
cholesterolr5p,Gp-epoxide. It therefore appeared
that this epoxide could be present in the
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T=kcto=cholesterol fraction, and this derivative could
also account for the formation of the triol by
hydrolytic cleavage in a similar manner to that
described for the «=epoxide (section 3).

From the results presented in (1) and (ii) above
it was concluded that at least two compounds were
present in the 7=keto=cholestercl fraction from
incubations. One of these compounds appeared to be
7=keto=cholesterol; the other may be a mono=oxygenated
derivetive of cholesterol formed by 'peroxidation' of
cholesterol,

The investigations in the present section and in
section 3 have failed to establish a possible mechanism
of the non-enzymic formation of 7x-~hydroxycholesterol.
This sterol cen be formed in small yield from various
oxygenated sterols which could conceivably be produced
by initial oxygen attack on the cholesterol molecule.
No evidence was obtained for the existence of
oxygenated intermediates like hydroperoxides, which
have already been shown to be efficient precursors of
Tu=hydroxycholesterol by a non-enzymic mechanism,
Incubation and reduction studies of the 7=keto=-
cholesterol fraction indicated that only small amounts o
Tx=hydroxycholesterol could be formed from this sourcee.

> 4



£ ~phenylenedi : On
<) b crosome
1 hour incubation at 37° with NADUH, Fe?*, ADP.
DPPD
Concentration 0 0.1 1.0 5¢0
M u
Total products
% 11l.5 1.3 1.2 1.0
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It was evident however that 7«=hydroxycholesterol could
be formed non-enzymically by tissue preparations,
especially where enzymic conversion to this sterol

was inhibited, so that a mechanism for this reaction
does exist.

These studies gave some indication of the
complexities of non-enzymic cholesterol oxidation, with
the peroxidative effect appearing as a markedly
enhanced autoxidative effect. Staudinger’’ has shown
that simple systems with metal ions, an electron donor
and oxygen can hydroxylate organic substrates, and has
postulated the formation of free radicals such as *OH
and *O0H as the hydroxylating species. Preliminary
investigations of cholesterol oxidation in the presence
of diphenyle=phenylenediamine, a free radiccl trapping
agent, showed that low concentrations of this compound
could effect a substantisl reduction of the oxidation
(teble 13). This suggests that ron=enzymic cholesterol
oxidation may involve free radical attack; lipid
peroxidation is affected in the same way by free
radical trapping agents, indicating a further similarity

between the two systems,
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Summary

(1) Choleaterol—h—lhc can be oxidised in large
yield by the microsomal fraction fortified with
co=factors known to enhance general peroxidation of
unsaturated lipids. "Peroxidation" of cholesterol

appeared to be an enhancement of autoxidation,

(2) The heterogeneous nature of the 7=keto=
cholesterol was investigated; 7-keto-cholesterol
appeared to be the major component of this fraction
which alone accounted for more than 50% of the
oxidation products of choléstdrol.

(3) Conclusive evidence of a non=enzymic route

to 7x=hydroxycholesterol was not obtained,

(4) Preliminary investigation with a free radical
trapping agent suggested that autoxidation or
peroxidation of cholesterol occurred by a free radical

mechanism,
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The metabolism of choleaterol-h—luc was
studied in the presence of various concentrations of
magnesium sulphate (O=14 mm.). The results are
plotted in figure 18,

As the magneaiﬁm ion concentration
incressed, formation of the enzymic products,
Txa=hydroxycholesterol, cholest-lj=en=3~-on=-7x=~0l, and
cholest=l=en=3=on=7x,12x=diol, from cholesterol
decreased from 5.5% to 1l.9%. Of these products, about
0.5% was accounted for by the two metabolites of
Ja=hydroxycholesterol, which were found in approximately
equal emountss The formation of these compounds
appeared to be unaffected by the presence of magnesium
ions, Hence, 7x~hydroxycholesterol was the only
product which was affected by the magnesium ion
concentration. Inhibition was observed at l.4 mi,
increasing to about 65% inhibition at 3.5 mM magnesium
ions. Formation of autoxidation products was found

to increase from 2.6% to L4e2% conversion. The reason
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for the apparently enomalous kinetics of the increase 13
autoxidation with respect to metal ion concentration

is not knowns The overall effect of magnesium ions
appeared to be stimuletion of the formation of non-

enzymic products.

(11) Microsomsal fraction

In figure 19 are shown the results of an
experiment performed under the same conditions as
described in (i), using the microsomasl fraction in
place of the 18,000 g supernatant.

Autoxidation wae again markedly stimulat
ted, and showed an increase from l.4% to 4.4 total
conversions No anomalies were observed in the curve.
In contrast to the 18,000 g supernatant fraction, no
inhibition of enzymic activity was evident in the
microsomal fraction. The enzymic product formation
was low (1l,0=1,1% total conversion) and sbout 0.6%
was accounted for as 7o=~hydroxycholesterol, the
remainder being cholest=lj~en=3=-on-7x=~o0l, No
l2&=hydroxylated derivative was formed in this experime:
In both the microsomal fraction and the 18,000 g
supernatant fraction, the effect of added magnesium
ions on the formation of autoxidation products was
similar. A stimulation of non-enzymic products was
observed up to a final concentration of magnesium ions

Of:u-l-m.

nte
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In view of the geat increase in the amour
of autoxidation products, a significant proportion of
the 7a=hydroxycholesterol may have been formed by a
non-enzymic route. There appeared to be almost total
inhibition of enzymic activity at concentrations of
gbout 3,5 mM with the 18,000 g supernatant. Thus the
apparent lack of inhibitory effect on the microsomal
enzymic activity may be due to the fact that a
aignificant portion of this sterol has been formed
non-enzymically. Enzymic activity in the sgparated
microsomal fraction has already been shown to be low

(section L4).

(b) lManganese jons

Incubations were conducted with the addition
of manganese chloride in increasing concentrations
from O=14 mM, Only the 18,000 g supernatant fraction
was used in this investigation. The results are

plotted in figure 20.

Total enzymic activity decreased from 2,2%
in the sgbsence of added manganese ions to 0.2% at the
highest concentration. (uk% of the first total was
accounted for by the two oxidised derivatives of
T«=hydroxycholesterol, and thereafter these products
collectively accounted for 0.2% of the enzymic total,
The formation of neither of these products appeared to

1ts
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be completely inhibited by manganese ions,
Tx=hydroxylase activity however was significantly
depressed in the mresence of l.4 mM final concentration
of this ion. With increasing concentrations there was
a gradual decrease to about 60% of the original enzymic
activity of the control sample.

In contrast to the effect of magnesium ions,
manganese ions did not produce a marked rise in the
level of autoxidation products, except in the sample
with 0,28 mM manganese ions (cf, magnesium).

(e) Copper

Figure 21 shows the results of an experiment
of the type described above with the 18,000 g
supernatant fraction in the presence of increasing

concentrations of cupric ions.

Conversion to the enzymic products,
7x=hydroxycholesterol with choleste=l=en=3=on=7x=0l,
varied from 5.7% in the control sample to 3.2% in
the presence of 0,1 mM cupric ions, No
cholest=j=cn=3=on=7xX,120=~di0l was detected in this
experiment. Formation of cholestel=en=3-on-7x=0l was
apparently unaffected by variations in the cupric ion
concentration. Over the range studied, an
inhibition of about 50% in the 7whydroxylase activity

was observed.
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In contrast to the inhibitory effect of cupriec
ions on the enzymic activity, the autoxidation products

were increased from about 2 to 5%.

The ability of the three ions to stimulate
autoxidative conversion was different, Cupric and
magnesium ions both csused significant increases in the
autoxidation rroducts, while manganese lons inhibited.
The effect of the latter lon was small by comparison
with the other twe, but nevertheless gave a cignificant
reduction of autoxidation over the range tested.
Whatever the site of action of these ions, the effects
cannot be attributed to an effect induced by di-valent
ions on the autoxidation mechanisms <« two of the ions
stimulated such mechanisms, while the third was
inhibitory. Possibly these effects must he considered
separately from the effects on the enzymic mechanisms,
since it is presumed that formation of the two groups of
enzymic and autoxidative products are different. It
will be noted that the inhibition by cupric ions
occurred at a much lower concentration than the other
two. In general, it appeared that metal ions
inereased the "unphysiological" nature of the tissue
preparation (ef, ferrous ions in section 6) and in
doing so promoted the non-enzymic attack of cholesterol
with a concomitant reduction in enzymic activity. The
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further oxidation of 7x=hydroxycholesterol was not
markedly inhibited by these ions,




Enzymic e

Autoxidation x

%o

Conversion

41

e
T

1
I
I
1
I
]
I
| I
(]
I
I
X
]
1

r\'-_-—-"__x """'.k‘-x—-—x
o 35 70 14 35
Concentration mM
Figure 22: Metsbolism of cholasterol—h-mb by the

18,000 g supernatant fraction with NADPH
in the presepce of EDTA.
1 hour at 37 «




82,

etic acid).

In the first part of this section, the
inhibitory effects of various metal ions were discussed.
The endogenous concentrations of metal ions in sub-
cellular preparations may vary considerably, and it is
concelvable that a certain amount of inhibition may be
present in the preparations, or that the 7«~hydroxylase
system requires certain metal ion(s) for activity.

Figure 22 shows the conversion of the
substrate cholesterol by the 18,000 g supernatant
fraction in the presence of concentrations of EDTA
varying from 0 to 35 mi,. Enzymic products consisted of
7«=hydroxycholesterol, cholest=j=en=3~on=7«=-cl and the
12x=hydroxylated derivative. A slight stimulation of
the enzymic products was found in the concentration
range from l.4=7 mid., At the lowest concentration of
EDTA, the enzymic total was lower than the control
value with no EDTA., Thoughout the range of
concentrations used, the ratio of 7x=hydroxycholesterol
to the total of the enzymic products remained constant,
indicating that there was no stimulation of the further

metebolism of 7o=hydroxycholesterol under these




83

conditions,

Non=enzymic product formation, in the control
sample representing 5.8% conversion of the added
cholesterol, was almost entirely eliminated at the
lowest EDTA concentration used. The total of these
autoxi‘ation products remained at 0.6-0.4j! over the

rest of the range.

It was observed that the dramatic fall in the
non=enzymic activity in the presence of 0.7 ml HSDTA
occurred at the same time as the fall in the enzymic
productss This finding supports the view that where
autoxidation effects were large, a significant
proportion of the metabolism to 7a=hydrexycholesterol
was by a nonw~enzymic pathways in the present
investigation, the difference in the values for the
enzymic activity in the control sample and at 0.7 niM
represents that portion of the total 7x=hydroxy=-
cholesterol which has arisen non-enzymically, and
which has been almost completely inhibited in the
presence of EDTA. In this event, the enzymic aciivity |
of the control sample probsbly more closely approximates
to the activity found at 0.7 mM EDTA; the difference
between this sample and the activity in the plateau
region would therefore be a stimulation of about 13%.

The results indicate that EDTA complexes with
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ions in the system which sre concerned in the
autoxidative mechanisms, Inhibition of the enzymie
system in the presence of EDTA concentrations from 7=35
mil is considered to be due to the gross effects

induced by the high concentrations of the sequestering

agent in the incubation mediums.

(11) Sodium diethyl dithiocarbamite ((7aDIC).

NaDDC is a complexing agent which combines
specifically with cupric ions,. Figure 23 shows the!
metabolism of cholesterol=le=""C by the 18,000 g
supernatant in the presence of inereasing concentrations
of NaDDCe As described above, cupric ions in the
system are inhibitory towards the 7«-hydroxylase system,
so0 that the presencé df these ions in appreciable
concentration in the incubations might cause a
substantial reduction in the amounts of the enzymically
formed products.

Engymic products were found to be significantly
reduced in the sample containing NalDC at & concentration
of 10,4n. Autoxidation was reduced more than the
enzymic metabolites; in this respect the effect of the
copper sequestering agent differs from the effect of
EDTA described above in that the effective removal of
the ions from the system does not induce a stimulation
of the enzymic activitye. It was noted that the
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inhibition by NaDDC also occurred at much lower

concentrations,

From these investigations it was concluded
that the effect of free cupric ions in the incubations
could for 21l practical purposes be neglected. It was
considered that these ions were not present in sufficient
concentration to affect the 7«x=hydroxylase system to a
significant extent nor were these ions required in the

enzymic 7u~hydroxylation reaction.

(111) 2=Amino-h=hydroxy=6,7 dimeihvl-tetranydros
pteridine (PtH ).

In section 1, the role of pteridine in certain
hydroxylation reactions was discussed. Various
investigations were conducted using the above pteridine
in order to determine if this compouhd could stimulate
7 v=hydroxylation of cholesterol. The data are
rresented in this section since the effect of this
agent appeared to be similar to that of the metal
sequestering agents EDTA and NaDDC, Preperation of
the reduced pteridine is described in Appendix 4.

(a) Concentration

The metabolism of cholasterol-h—lhc by
the 18,000 g supernatant fraction was investigated in
the presence of reduced pteridine from O to 2.0 mM
(figure 24). A significant inhibition of both enzymic
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and non=-enzymic activity was observed with increasing
concentrationss The reduction of autoxidation
appeared, however, to be more selective than the

reduction of the hydroxylase activity.

(b) HADEH

In hydroxylation reactions utilising a
reduced pteridine, an electron donor is required to
maintain the co=factor in the reduced (active) form.
Table 14 shows the mestabolism of cholesterol-h—mc
in the resence of added, reduced pteridine with and
without NADPH, In the absence of NADPH, enzymic
activity was very lowe. It has already been shown that
the 7x~hydroxylase system requires this co-~factor, so
that it appears that the reduced pteridine could not
substitute for NADPH, |Metsgbolism to the autoxidation
preducts did not depend on the presence of NADPH;
addition of reduced pteridine markedly inhibited the
formation of these products in the presence or absence

of NADFPH,

(c) Magnesium ions

Teble 15 shows the results of an experi-
tment to study the effects of reduced pteridine in the
presence of magnesium ions, The sample with magnesium
ions as the only addition, gave a low enzymic activity.
The estsblished inhibitory effect of these ions was
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evident by comparison with the control sample. Where
both reduced pteridine and magnesium ions were present,
the inhibition of the metal ions alone was partially
compensated, with a concomitant large reduction in none
enzymic asctivity. It appeared that the action of
reduced pteridine was similar to that of EDTA, i.,e. a
slight stimulation of engymic metabolism at the expense
of autoxidative activity.

The effects of the reduced pteridine
described above have been well substantiated. However,
the magnitude of the effects varied a lot from one
preparation to the nexf, so that a concentration of thiT
co~factor could not be selected as one at which a
preferential stimulation of enzymic hydroxylation

occurred.

(d) Investigations with the S=methyl
tetrahydropteridine, shown to be generally more active
than the 6,7-dimethyl compound in hydroxylation
reactions, indicated that there was no difference in
effect between the two pteridines. It was concluded
that reduced 2-amino=l=hydroxy-pteridines did not
enhance 7o~hydroxylase activity by substituting for,
or by stimulating, any of the natural co~factors of the
reactions Their inhibitory influence on autoxidation
may be due to complexing with endogenous metal ions.
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Summary

(1) Magnesium, manganese and cupric ions inhibitefi
the 7x=hydroxylase system. The influence of these
ions on autoxidative mechanisms appeared to be

different.

-

r'" “1: A_! g

(2) EDTA, a heavy metal former,_appeareu to cause
a slight stinulation of enzymic actlvity, and reduced
autoxidation to insignificant levels. Sodium diethyl

dithiocarbamate (HaDDC) inhibited enzymic activity.

(3) Reduced 2-Amino=l4=hydroxypteridines appeared
to function as metal ion sequestering agents by
reducing autoxidgation. Their action seemed to depend
on the basic molecular structure, and was independent

of oxidation state of the molecule or substitution with

methyl groups.-
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In previous sections, some of the factors and

conditions influenecing the in vitro 74-hydroxylation

of cholesterol were described. The present section
describes investigations of a preliminary nature to
study the effects of various factors which might
control this reaction, and which might be important in
assessing the significance of this enzyme in the overall
catabolism to bile acids,

It has been shown (section 4) that the enszymic
7x=hydroxylation of cholesterol required NADPH,

suggesting that this hydroxylation may be a mixed

function oxidation. Bergstrom has shown that the
reaction proceeds as a direct replacement reaction
at 07, inferring that molecular oxygen is employed,

rather than the hydration of an olefinic intermediate.

18

0, into the molecule has not,

The incorporation of o

however, been @emonstrated.
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Initial studies carried out under anaerobic
conditions (Nz) using the gassing apparatus deseribed
in section 2, showed that a rigorous exclusion of
oxygen (by gassing and boiling where possible) was
necessary to reduce the 7y=hydroxylasc activity of the
18,000 g supernatant fraction by a detectable amount,
In some cases, the activity was independent of the
N2/02 gas phase from 0-100%.

It has been suggested that liver microsomes
contain two terminal oxidaaea,77 one having a high
affinity for oxygen (Km =2 X 10'6H), the other having
a lov affinity (K, = 1.5 x 10™). If a pigment
having a low Km for oxygen uptake were involved in the
cholesterol—?oﬁ-hydromrlaae system, the uptake of
oxygen might not be a limiti.g factor, especially in
view of the small amount of substrate which is
hydroxylated, Also a large number cof reactions occur
in liver microsomes using molecular oxygen, aond it is
unlikely that any methods for the determination of
oxygen uptake would be sufficiently accurate to permit
the demonstration of the utilisation of molecular
oxygen by the T7«=hydroxylase system in its present
crude forme The problem of measuring oxygen uptake
has been encountered in many investigations where only
small amounts of reaction product are formed. A
number of aerobic hydroxylations have been successfully

studied in recent years, and it has become obvious that
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pigments such as cytocheeme P=L50 are intimately
involved as terminal electron acceptors in the
reactions, This pigment, which recent evidence
suggests may be a family of pigmente, can combine with
carbon monoxide, and in doing so inhibits the uptake of
oxygen by a, large number of steroid and non=steroid .
substrates, implying that this hemo=protein is involved
in oxygen activation.

The metabolism of cholesterol-h—luc was studied
in the presence of CQ/O2 ratios from O.1 to 2.C. The
results are shown in figure 25 as the amount of
Tx=hydroxycholesterol formed, plotted against the

co/f 02 ratioss If it is presumed that carbon monoxide
8

combines at the same site as oxygen we obtain (Warburg ‘_

E‘.t‘.)2 + CO g E.CO + 02

E.o2 and E.CO represent the concentrations of

bound 02 and CO, /
K(eguilibrium constant) = E. 02’2 ;CO

E.CO. 0g
E.0, E. O,
—_—L o — (where E is the

total enzyme concentration)

E. 02

Since rg, (rate in presence of C0) « E, 0,

and r, (rate in absence of CO) % E




Figure 20: Best straight lines plotted by the method
of least squares from data in figure 25,
expressed as described in the text.
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The partition constant (K) between carbon
monoxide and oxygen for cytochrome P-450 has been
calculated to lie in the range 0.5-2,0, compared with
5 x 10™° for hemoglobin and 10-20 for cytochrome
Oxidase.62
- The best straight linee from the data in figure
25 were calculated. The gradients of the two plots 1
were 3,08 ¥ 0,20 and 0.82 ¥ 0,10 (figure 26), giving
values for K of 0.32 and 1.22 respectively. Both }
values are of the correct order for cytochrome P-450,
although the first is rather low. Further investig-
ation is required to produce a more significant value
for K, since there appeared to be considerable

vaeriation in diiferent experinments. The resulis,

hovever, suggest that the 7a-hydroxylation
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of cholesterol utilises molecular oxygen, activated
by a pigment which appears to be similar to cytochrome
P-4 50, On this evidence, it secems likely that
cholesterol=70=hydroxylase belongs to the mixed function
oxidase category of enzymes, Enzymes utilising
molecular oxygen have also been implicated in the
biosynthesis of cholesterol from acetate and
mevalonateslg the l2u«hydroxylation step in the
formation of cholic acid, which has no% been
investigated, is probably a mixed function oxidase
like cholesterol-7x<hydroxylase, sc that several enzymes
of the oxygenase classification are involved in the

de nove synthesis of bile acids by the liver,

It is difficult to correlate the significance of
individual enzymes of ihis type with the overall
picture of cell metsbolism, During incubation in an
aercbic environment, the enzymcs are exposed to much
higher oxygen tensions than are present in the liver
cell, so that results obtained in this way must be
regarded with a certain amount of caution. Since the
recognition gbout ten years ago that molecular oxygen
wae utilised in a large number of systems in normal
cellular processes, data on oxygen fixation has rapidly
accumulated, but it is not possible at present to
explain how such reactions affect the energetics of
the cells, or indeed to describe unequivocal mechenlsms

for oxygen activation.
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If pigments like cytochrome P-450 are involved in
the assimilation of oxygen for utilisation by aerobiec
enzymes, it may be difficult to show that the oxygen
activation step is rate-limiting, since the affinity of
such hemo-proteins for oxygen is very high. (see shove)
Liver microsomes especially contain appreciable
amounts of these pigments, which are involved in the
detoxification mechanisms of drugs and foreign
compoundss The synthesis of cytochrome P=}50 can be
induced by the administration of appreciable cquantities
of drugs such as phendbafbitonaaB, but normally these
hemo=proteins may be present in the microsomes in
concentrations which are more than adecuate to support
the normal aerobic reactions of the cell, Furthermore,
if cytochrome P=}50 is really a generic term for
several pigments, small changes in one of these hemo=-

proteins mey net be detectable,
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(i1) bit b - asterol of

The possible control of the catabolism of
cholesterol to bile acids was discussed in section 1,
Various workers have been unable to isolate
intermediates in this catsbolism, suggesting that the
first step may be rate=limiting, Evidence has been
presented in this thesis to show that the first
reaction is the 7x=hydroxylation of cholesterol; as a
mixed function oxidation, this reaction would be
virtually irreversible, and since 7x~hydroxycholesterol
has no known fate in the liver other than its converaioA
40 the primary bile acids, the hydroxylation may be a

rate-controlling process in the catabolisme

Figure 27 shows the conversion of cholesterol-
u-lhc to 7k-h¥droxycholeBterol-h-luc by the 18,000 g
supernatant fraction in the presence of increasing
concentrations of added 7x~hydroxycholcsterol,
Inhibition of the cholesterol-7x-~hydroxylase system was
observed under these conditlions, Evidence discussed
in sectionh 5 (¥i) above indicated that the accumulation
of the product of the hydroxylation, 7x=hydroxylation
was not inhibitory, since the removal of this
intermediate by further oxidationdld not stimulate the
conversion of cholesterol to this sterol. In the

present experiment, however, the concentrations of
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T«=hydroxycholesterol in the incubation were much
larger and could account for the difference in the

effect.

The inhibition produced by the addition of
Te=hydroxycholesterol was difficult to aaaess‘for
several reasonss In order to be sble to calculate
a rate constant for the reaction from data of this
sort, a knowledge of the substrate concentration is
required, Unfortunately this could not be found, due
to the large and varicble pools of cholesterol in the
liver. Furthermore, the addlition of even small
amounts of 7x~hydroxycholestercl to the agueous
incubation medium must induce precipitation of the
lipo=soluble sterol, so that the concentration of
Ta=hydroxycholestercl in contact with the enzyme is

variable,

From these tentative dnvestigations, it can only
be concluded that 7x=hydroxycholesterol as the moduct
of the reaction can inhibit the cholesterol=7&=hydroxy=
lase system of the 18,000 g supernatant frection when
added in apprecisble concentrations. The dynamic
aspects of this inhibition must await further
purification of the engyme system.
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(iii) Entero-hepatic circulstion of bile salts.

Cannulation of the common bile duct in the rat has
~been shown to cause a large increase in the production
of bile acids.5 This increase can be as high as ten
times the normal, but it has not been shown to be due tq
an increase in the rate of a specific catabolic step.
The 7wx=hydroxylation of cholestérol, described above as
a possible rate-limiting step, may be the reaction whiech
is affected by the removal of the circulating bile saltsg,
The method of biliary cannulation is not altogether
satisfactory, since the animal is considerably

stressed by surgery, and becomes sbnormal through the
loss of salts in the bile. Cholestyramine, an anionic
resin ("Cuemid" - lerck, Sharp and Dohme, West Point,
Pa.), can combine with bile salts and acids in the gut,
and in so doing prevents their re~abdorption by the
portal system; this compound fed to the rats in a

soft diet (section 2) was used to accomplish the same
change in bile acid production as would be produced

by bile duct connulations The animals were fed on
the supplemented diet (6%) for 5«14 days before killing;
cholesterol-7x=hydroxylase in the 18,000 supernatant

fraction was then assayed in the usual wgye

In table 16 are shown the results from several
treated animals compared with controls fed on the same

diet without cholestyramine. The resits are expressed




Figure 28: Comparison of metabolism of cholesterol-ﬁalub
to 7x~hydroxycholesterol by 18,000 g
supernatant of cholestyramine—fed and
normal animals.
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as the mean values with standard deviations.,
Metsbolism of cholesterol-ye'C to 7x=hydroxycholesterol
was more than six times that found in the control

samples, with no significant change in the level of

autoxidation products between treated and control ratse

Figure 28 is a photograph of traces from a radio=-
chromatograph assay of the products of incubation of |
cholesterol—u-luc with 18,000 g aupernatant from fed
and control rats, and illustrates pictorially the large
increase in 7x-~hydroxylase activity found by feeding
cholestyramine,

The results of these investigations are important

for the following reasonss

(1) The specific inerease in cholesterol=7u=-
hydroxylase activity showed that this enzyume catalyses
a rate=limiting step in cholesterol catabolism by the

liver.

(2) There was no evidence of an increase in any
other metabolites of cholesterol except those formed
from T7a~hydroxycholesterol, implying that
Tol=hydroxycholesterocl alone is the first product of
the only route for cholesterol catabolism by the
18,000 g supernatant fraction.

A limited number of experiments have been

verformed using cholestyramine fed animals; it is not
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Pigure 29: Metabolism of choleaterol-u-nlc by the

18,000 g supernstant fraction from
cholestyramine~fed rat after variable
homogenisation.

Incubationfor 1 hour with NADFH,.




9%.

yet known if the cholesterol=7x=hydroxylase system in
the cholestyramine fed animal is subject to the aaina
influences as the system in the normal animal,
However, preliminary investigations indicated that the
highly active system in the 18,000 g fraction of the
liver of the treated rat was affected under the same
conditions,. Figure 29 shows the activity of the
18,000 g supernstant 7x=hydroxylase system after
homogenising the liver as described in section 5 (1),
As with normal liver, a substantial loss of activity
occurred by prolonged homogenisation in both of the
experiments shown in the figure. Rather more activity
was lost by this process in tissue from a
cholestgrmine-fedlanimal! suggesting 'tj.hat the
eholesterol—?o(—hydi:owlaae system may be even more
sensitive to harsh treatment. |
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Figure 30: Metabolism of cholesterol-h-u‘c to
Tx=hydroxycholesterol by the 18,000 g
supernatant fraction in the presence of
increasing concentrations of sodium
taurodeoxycholate.

Incubation 1 hour with NADPH,
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(iv) Jnhibition by taurodeoxycholic acid.

Taurodeoxycholic acid, formed from cholic acid by
bacterial action in the gut, is found in appreciable
concentrations in portal blood and in the liver cell,
This salt can be efficiently re-hydrozylated to cholic
acid by the microsomal fraction of the liver, and it is
conceivable that this hydroxylation has similar
characteristics to the hydroxylation of cholesterol by
the same fraction. The hydroxylation of
taurdeoxycholic acid could exert a moderating influence
on the cholesterol=7u~hydroxylase system, by utilising
the same co=factors such as NADFH, Ops etce., @s an
important aspect of the homeostatic regulation of
cholesterol catebelism by the bile salts,

Figures 30 and 31 show the conversion of
cholenterol-u-lhc to 7x=hydroxycholesterol by the
18,000 g supernatant fraction from a normal snd a
cholestyramine-fed rat, in the presence of increasing
concentrations of sodium taurodeoxycholate. Inhibitiorn
of cholesterol=/x=hydroxylase was observed in both
experiments, but only at high concentrations of the
added bile salte. It is estimated6 that normal liver
contains about 15{13. of this salt per ge of liver, so
that the inhibition occurred at concentrations wvery much

highez' than this.
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Figure 31: Metabolism of cholesterol-l-1C to
7e=hydroxycholesterol by the 18,000 g
supernatant fraction from a cholestyramine-
fed rat in the presence of increasing
concentrations of sodium taurodeoxycholate.
Incubation 1 hour with NADPH,




101,

A major problem created by the use of taurodeoxy-
cholate in ineubations is that this s2lt is a powerful
detergent, and may inhibit cholesterol-70=hydroxylase
by solubilising the membranes of the endoplasmiec
reticulum; 4t has already been established that this
enzyme system is vulnerable even in relatively mild

conditions.,

These investigations are of a preliminary nature;
further study of the cholesterol=7x-=hydroxylase system
in the presence of taurodeoxycholate with normal and
cholestyramine=-fed rats may glve valusble information
concerning the control of this reaction, and it may
be possible to show that the 7x=hydroxylation of
chbleeterol is dependent on the 7R~hydroxylation of
taurocdeoxycholate. It would be of great interest to
determine the factors which affect the 7x~hydroxylation
of cholesterol as a rate-limiting process to find out
if the increase in enzymic activity is due to an
increased synthesis of this enzyme or to the removal
of some inhibitor.
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Sumary .

(1) Carbon monoxide inhibited the cholesterol-
T¥=hydroxylase system of the 18,000 g supernatant
fraction. Calculation of K, the partition constant
between carbon monoxide and oxygen, from the mvailable
data suggested that cytochrome P=}450 or a related
pigment was involved in the reaction, inferring that
cholesterol=7x=hydroxylase was a mixed function

oxidase.

(2) The conversion of cholesterol—hmlqc to
Tou~hydroxycholesterol was increased several-fold by
feeding choleatwramine‘to the rats. The effect was
thought to be due to the combination of this resin with
bile salts in the gut, which prevented their re-
absorption, and allowed the hydroxylation reaction to
be increased unchecked by the regulatory influence of
the salts,

(3) The presence of 7x~hydroxycholesterol or
sodium taurodeoxycholate in the incubation inhibited
the cholesterol=7x=hydroxylase system.

The investigations described in this section were
of a preliminary nature, The short discussions in
relation to each topic are based only on the
experimental evidence available. Positive proof
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of the results will be obtained after more intensive
research, and in some cases, only after extensive

purification of the enzyme preparation.




1§,ogo g supernatant fraction in one hour at §Z°
Addition NADPH INAD NAD followed by NADPH
% econversion
cholestelj=en=3«on=-
Tx=0l 2¢1 3844 307
choleste=li=gne3eone
70(.12“-6.101 1.0 2005 11-‘-.2
trihydroxy-
coprostane 03 1,0 4.0
5F-choleatan-3-on-
7x,12x=diol 0e3 2.1 643
| Total % 3e7 5545

F200
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Although the main objeet of these investigations
was the study of the 7¥=hydroxylation of cholesterd),
the two oxidised derivatives of this sterol,
cholesgt=l=en=3=-on=7x«cl and cholest=li=en=3=on=7x,120(=
diol were formed under most conditions in small yield.
These products were identified as described in
section 3, and are thought to be involved in the major
catabolic route as shown in figure 3, Their
formation occurred even in the presence of NADPH,
although other workers have shown that the oxidation
to cholest«l~en=3-on=7x=0l requires INAD or [ADP.
Possibly the l2«~hydroxylation step, which ﬂas been
littls studied, is also a mixed function oxidation so
that it would be expected to be stimulated in the

presence of an electron donor.

Table 17 shows the products formed by incubation
of 7u-hydroxycholeeterolpu-lhc (appendix 4) with the
18,000 g supernatant fraction in the presence of NADPH
or NAD, The products formed in these investigations
are implicated in the catabolic route as shown in
figure 3. The preparation with NADPH metabolised only
a small amount of the substrate to the products shown;

in contrast, NAD catalysed a quantitative conversion




cholest—i-sn-in,Ta=-diol dihyreroxycoproctone

HO™" “~OH - -
Ao o= e
HO HO oH © “OH

cholesterol Ta=hydroxycholesterol

cholest-4-en-3=on=7c,120-4101

Figure 32: lajor products obtained by incubatien
of cholesterol-4-**C and 7a-hydroxy-
cholesterol-4-**C with the 18,000 g
supernatant fraction. (cf. figure 3)
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to two products in particular, identified as
cholest=lj=en=3=cn=70=0l and cholestelmen-3=on=7«,1lo2x=
diol. Subsequent incubation with NADPH of the sample
fortified with NAD, showed that the smounts of the
reduced intermediates, trihydroxycoprostane and
5F~cholestan-3-on-?x,lzu-diol could be increased as
these reductive steps were stimulated. The formation
of cholest=l=en=3=cn=7x,12«=di0l was not enhenced by
the prolonged incubstich with NADPH, implying that &
co-factor other than NADPH is required in the
l2x=hydroxylation of cholegteljeen=3-on=-7x=0l, It was
also observed that the total conversion of
Tx~hydroxycholesterol appeared to be decreased by
incubation with NADPH; 4t is probable, however, that
this discrepancy 1is due td.the formation of cholest=
heen=3x,7x=diol (figure 32), an intermediate found by
other workers to be formed ffom cholegtelmen=3=on=7u0=0l
in certain circumstances, This sterol has not been
shown to have physiclogical sigpnificance, since it can
not be converted into dihydroxycoprostane, a postulated
intermediate in the formation of chenodeoxycholic acid.
Figure 32 shows the main products formed from
cholesterol and 7x=hydroxycholesterol by the 18,000 g
supernatant. The co=factors required for each step
have been omitted, since 1t appeared that the
requirements for some of these steps were apparently

anomalous. It seems likely that some of these
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reactions must be considered as a concerted series of
steps and not as isolated individual reactions; the
enzyme catalysing each step may supply the enzyme
effecting the next step wiith both substrate and co=-
factor in the appropriate oxidation state, This could
result in the apparent stimulation of one reaction by

a particular co=factor, when in fact the stimulus should
be assigned to an earlier step. By the same argument,
the cbserved metabolism of an intermediate added in
acetone may give misieading results; the formation of
cholest=l=en=3x, 7x=dicl may be an example of this, wherg
a reductase of the cell sap had reduced the 3=keto
group in preference to the double bond. Had the doublsg
bond reductase operated before the 3«keto reductase,

a physiological product, dihydroxycoprostane would have
been formed. This suggests that the substrate was not
avallable to the enzymes in the correct sequence, It
will be noted that, although the 12,000 g supernatant
fraction contains cell sap, no evidence of significant
formation of dihydroxycoprostane was observed; the
supernatant reductases are known to be very active, and
in separated cell sap can convert cholest-L=en=3=-on-7«~
ol quantitatively into dihydroxycoprostane, It was
evident that a regulatory factor present in the 18,000 g
fraction controlled these catabolic steps, and under
the conditions quoted prevented these reactions from
taking place. In this preparation of liver, therefore,

there was evidence only of intermediates on the
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postulated route to cholic acid (tri=hydroxy); no
intermediates on a parallel route to chenodeoxycholic
acid through dihydroxycoprostane were detected

(ef. figure 3).

Sumpary:

(1) 7x=hydroxycholesterol can be efficiently
converted into two »roducts by the 18,000 g
supernatant fraction, tentatively identified as
cholest=l=en=3~on=7«=01 and cholest=l=cn=3-on=7«,l2x=
diol.

(2) The l2«=hydroxylation step was not eppsrently
stimlated by NADPFH and occurred in the presence of
added NAD,

(3) Some of the results suggested that the catabo
sequence should bé regarded as a concerted reaction
sequence, and it waé concluded that product formation
was influenced by a factor in the 18,000 g supernatant
fraction.

(4) The intermediates detected are implicated on
a probable route to cholic acid but not to chenodeoxy-
cholic acid,.

The results discussed in this section are

obviously incomplete; considerably more investigation

Lic




108,

is required to elucidate the factors which control the
metabolic secquence after the formstion of

Tx=hydroxycholesterol.
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Section 10.
Rigcusgion
(1) Lecation of cholesterol-Tu-hydroxylage.

Investigation of subecellular fractions of rat
liver has shown that only mierosomal preparations
possess significant cholesterol=7«=hydroxylase activity.
Metabolism of cholesterol-h-lhc to 7x=hydroxycholesterol
hnlhc varied from asbout 1 to 8% conversion, averaging
4%, The enzyme preparation used in these studies was
the supernatant fraction obtained by centrifuging liver
homogenate at 18,000 g for 15 minutes; this fraction
contains endoplasmic reticulum in the cell sap.

The preparation was not simplified further, since
a significant portion of the hydroxylase activity was
lost during microsomal sedimentation. Cytoplasm
(105,000 supernatant) and S.F. (boiled cell fluid) were
devoid of 7x~hydroxylase activity but could enhance the
microsomal conversion of the substrate to 7w=hydroxy=-
cholesteroles Native cell fluid was the more potent of
the two soluble fractions, and it was concluded that
probably more than one factor in the cytoplasm is
essential to the cholesterol=7«=hydroxylase systeme
The co-factor(s) in S.F. must be thermo=stable, by

virtue of its method of preparation.
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Recent work in the same laboratory where this
study was performed suggests that a considerable
eimplification of the enzyme preparation may be
possible by "protecting" the microsomal fraction during
sedimentation by thiol compounds such as Fi-me.rcaptc»—
ethylamine which appears to preserve most of the
activity in 2 microsomal preparation in S.F. Sueh a
simplification would eliminate possible ancillary
reactions in the cell sap; it may eventually be
possible to replace the soluble co=factors of the
Tx=hydroxylation reaction found in cell sap and S.F.
with synthetic co=factors,

Cholesterol=7x=hydroxylase 1s located in the same
part of the liver cell as the enzymes responsible for
the blosynthesis cf cholesterol in the 1iver.39 The
enzymes effecting the catsbolism of cholesterocl to
triehydroxycoprostane (a proposed intermediate
immediately before side chaln cleavage - figure 3,
section 1) also appear to be located in the endoplasmic
reticulum, with the participation of enzymes and co=-
factors in the cytoplasme Mitochondria appesr to be
involved only in the final stages of side chain cleavagee

(11)

Only NADPH of a number of possible co=factors
caused a significant stimulation in the activity of
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cholesterol=7a=hydroxylase,. An NADPH generating
system was used in preference to NADFH itself. Liver
microsomes possees high levels of glucose-b6=phosphatase
activity and NADP hydrolase activity, so it was
necessary to add these NADPH generator components in
excess., NADPH, in contrast to NADP*, does not appear
t0o be cleaved hydrolytically by microsomal enzymes, but
it can, however, be oxidised, Bogdan3ki7h has
investigated the oxidation of NADPH by liver microsocmes,|
and has shown that the oxidation is markedly stimulated
by metal ions such as magnesium, This guthor has
found that NADFH added to a suspension of microsomes
without generator components can be completely
oxidised after about 15 minutes, a rate of 10fﬁg of
NADPI/min./mge of microsomal protein in the presence of
Oe¢3 mll magnesium ions. Magnesium and other metal ions
were found to inhibit cholesterol-7«x~hydroxylase; the
enhanced oxidation of NADPH, an essential co-factor in
the hydroxylation reaction, may be partly responsible
for the lower activity. Bogdanski has deduced from
optical measurements that metal ions alter the structure|
of the microsomes, which must apparently be retained
for optimum cholesterol=7x=hydroxylase activity.

The loss of enzymic activity in the 18,000 g
supernatant fraction could not be atiributed to a lack
of NADPH, however, as shown by prolonged incubation of
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the enzyme systems It appeared that the system was
inactivated after about one hour's incubation, and it
was presumed that this was due to a radical change in
the structural integrity of the microsomes in a
relatively simple system, which contained no agents
for the "protection" of the enzyme. In general, the
cholesterol=7u~hydroxylase system was susceptible to
inactivation even in mild conditions; considerable
activity was lost by removing the mitochondria

at 18,000 g for more than 20 minutes, suggesting that
a preliminary packing process in the formation of the
microsomal pellet was sufficient to 'damage' the

system.

Homogenisation of liver was shown to be a
eritical factor in maintaining a reasonable level of
T«=hydroxylase activity, assayed as the conversion of
the labelled substrate. Variation in the"extent" of
the homogenisation may not affect all of the tissue to
that same extent, Certain structures may be relatively
unaffected by mild treatment, and could remain as
large particles; these structures would therefore be
removed on low speed centrifugation. Inhibitors of
the cholesterol«7x=hydroxylase system may be removed
in this "heavy" fraction, which would normzlly be
present in the microsomal fraction. Further study
on the effects of "mild homogenisation" may allow

a considerable purification of the enzyme preparation
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with a concomitant increase in the 7Tx-hydroxylase

activity.

Work with metallic ion sequestering agents showed
that there was little inhibition of enzymic activity
from heavy metals in the assay aystam,land that free
metal ions did not appear to be involved in the
hydroxylation reaction. With EDI'A there was a slight
increase in enzymic 7x~hydroxylation of cholesterol,
and this was attributed to the removal of ferrous ions

from the fraction.

Reduced substituted pteridines could not replace
or enhance the activity of NADFH; these compounds,
including foliec acid, have been shown to exert a
gpecific stimulation in some hydroxylation reactions;
Kaufman has shown that‘yiopterin is the natural co-
factor for phenyl-alanine hydroxylase in rat liver, /9
and this co=factor must be present in the 18,000 g
fraction used in these studies.

In assessing the findings of this work, it must
be borne in mind that the eingyme fraction 1o extremely
crude. It is possible to postulate that the
caunplexity of the preparation may prevent the
determination of the true effects of materials added
as possible co-factors of the reaction. Conclusions

drawn from various aspects of the work must therefore
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be based on the obvious gross effects on the system,
Other workers have tended to use heavily fortified
assay systems in the study of cholesterol ecatabolism,
€sge ATP, AVP, NAD, etc., so0 that the results were even
more difficult to interpret than using an 18,000 g
fraction fortified only with NADPH, Danielsson, who
has used a range of possible co=factors for the
cholesterol=7«x=hydreoxylade system, has falled to show a
dependence on NADPH, but has reported only small yields
of 7o=hydroxycholestierol,

The pH optimum for cholesterole70~hydroxylase is
in the range 7.3=7.U4, 2 range also deteriiined to be
optimum for the microsomal oxidation of 7x~hydroxy-
cholesterol.37 There was no evidence for engzymic
activity at values significantly beyond these limitse.
pH values as high as 845 to 9.011'17 have been quoted
as optirum for the mitochondrial oxidation of
cholesterol.

(111) Difficultiecs of assay

Non=engymic oxygen attack on the cholesticrol
molecule has been discussed elsewhere in this thesis.
A thorough investigation of these products was
essential in order to be able to differentiate
enzymically and non-enzymically formed products in the
assay system, especially since T7u=hydroxycholesterol
is considered to be a major autoxidation product.




115

It was apparent that cholesterol could be
converted into a number of autoxidation mroducts,
depending on the conditions of the incubation,

Attempts were made using various oxygenated derivatives
of cholesterol to demonstrate the involvement of such
compounds as unsteble intermediastes in enzymic and/or
autoxidation mechanisms, The results, however, did
not implicate these derivatives in the enzymic
Tx=hydroxylation of cholesterol, or in the non-enzymic
mechanisms which were prevalent under thc assay condite
tions, Furthermore, a non-enzymic mechanism for the
formation of 7x=hydroxycholestercl could not be
demonstrated aithoﬁgh it was apparent that this sterol
ecould be formed autoxidatively under conditions which
fﬁv;ﬁred the formation of other recognisable
autoxidation products. It must be conecluded,
therefore, that such a'mechaniam does exist, In
general, it was possible to assay Tx~hydroxycholesterol
in the relaﬁive absence of autoxidation products, when
it was presumed that little or no 7x=hydroxychelesterol

had been formed by a non=engymic mechanism,

The autoxidation products formed in the incubationsg
were identified as choleatan-}ﬁ.Bu,GP-triol,
7F-hyﬂroxycholeaterol and 7=keto=-cholesterol, The
formation of these sterols was markedly enhanced in the
presence of metal ions; various workers have suzgested

that autoxidation is enhanced by metal ions and this
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appears to be borne out by these investigations. The
microscmal fraction, fortified with ferrous ions, ADP
and NADPH could convert cholesterol in high yizld to
these products; peroxidation of microsomsl lipids is
known to occur under these conditions, and an attempt
was made to isolate an unstable intermediate, perhaps
a hydroperoxide, from the incubation. This was
unsucecessful, but it was found that there was present
in the 7=keto~cholesterol fraction at least one other
compound, whose reduction product was similar in
polarity to that of cholesterol—5p,Gﬁhepaxide. These
studies of the oxidation of cholesterol under
"lipoperoxidation" conditions were extremely interest-
ting, since they gave a considerable amount of
information on cholesterol xidation; unfortunately,
there appeared to be little in common between the
autoxidation of cholesterol and the enzymic
Tx=hydroxylation reaction.

Of the autoxidation products which were identified,
only 7=keto=cholesterol was metabolised further by the
18,000 g supernatant fractions, An enzyme was found
in this fraction which converted 7=keto-cholasterol
quantitatively into 7F-hydroxycholesterol, so that
this sterol could be accounted for by this mechanism.
Various authors have suggested the presence of a
7F-hydroxy1ase(s) in liver microsomes which can
hydroxylate BP-hydroxycholenic acid70, androstenc=
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. 82 83
tdione™™, and cholesterol™., The evidence presented ir
this work suggests that cholesterol=-7x=hydroxylase is
rot'in fatt a hydroxylase but is a reductase, acting on

a substirate which is formed nonwenzymically,

Preliminary investigation of non-enzymic
cholesterol oxidation by a free radical mechanism showed
that free radical trapping agents, such as diphenyle-
prhenylenediamine, could almost eliminate autoxidation,
Various worlaars?? have shown that free radicals such as
«0H and *0OCH can be generated in simple systems wit!
metal ions, oxygen, etc,; a similar mechanism for
non-enzymic cholesterol oxidation may be postulated

on this basis.

(iv)

Cholesterol=7x=hydroxylase has been chown to
require reduced .NAD_P, suggesting that this enzyme
belongs to the class of enzymes which utilise
molecular oxygen and an electron donor., All steroid
hydroxylases studied sppear to conform to the general

equation:

RE + 0, + NADPFH ——>  ROH + H,0 + Napp*
Some aerobic hydroxylations have been shown to utilise
stoichiometric amounts of NADFH and 02. Attempts
were made to show that the exclusion of oxygen from

the cholesterol~7«x=hydroxylase assay system inhibited
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the system. These investigations were not successful,
probebly because a terminal oxidase with a high affinity
for oxygen is invelved in the reaction; only small
amounts of the subétrate are hydroxylated and would,
require extremely small volumes of oxygen. It was
considered that the complexity and erudeness of the
enzyme preparation precinded the study of both oxygen
uptake by the 7u=hydroxylase or the demonstration of

a stoichiometric utilisation of NADPH, Investigations
in this field will probably be fruitless until =
purified.enzyme source can be obtained, The lability
of cholesterol=7x=hydroxylase cértainly suggests that
it is similar in nature to other mixed function oxidases
whose characterisation has been hindered by the loss of
enzymic activity during purification. Consequently,
other, more indirect, methods were employed to

establish the enzyme as a mixed function oxidase.

Cholesterol=7x=hydroxylase is inhibited by carbon
monoxide, suggesting that & carbon monoxide~binding
pigment is invelved in the reaction, Cytochrome P=450
is present in liver microsomes where it forms part of
the extensive detoxification mechanisms of drugs and
xenobiotic compounds, This hemo=protein, recently
suggested to be actually several pigments of related
structure, has been shown to have a partition constant
between carbon monoxide and oxygen of about l.0, and
hag been implicated as the terminal oxidase of many
hydroxylation systems. Cdeulation from the
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available data of partition constants for the
7a~hydroxylase system gave values of 0.32 and 1.22,
indicating that cytochrome P-450 may be involved in the

activation of molecular oxygen in this reaction.

Current evidence suggests that the rate of

cheolestercl catabolism by the liver is controlled by a
homeostatic regulation operated by the bile salts
(section 1)« The intermediates of cholesterol
catabolism are not found to accumuilsate, so that the
first recaction may be rate-limiting. The first
reaction from the evidence discussed above appears to
be the 7x=hydroxylation of cholesterol, which may also
be a mixed function oxidation. As such, it would be
virtually irreversible, and since 7«~hydroxycholesterol
has no known fate in the liver other than its conversioy
to bile acids, this reaction may be an important control

point.

Investigations with cholestyramine, an anionic
resin which combines with bile salts in the gut and
prevents their ree-absorption, showed that cholesterol-
Tx=hydroxylase activity increased severalefold,
indicating that this reaction was rate~limiting.
Cholesterol=ju=hydroxslase is therefare an important
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enzyme in the overall catabolism to bile acids.

These results show that a system is now available which
can convert choleaterol-uplhc to 7x=hydroxycholesterol
in quite large yield (10«15%). Initial studies
indicate that the enzyme in these circumstances is
subjeet to the same factors as were found to influence
the Toa=hydroxylase system cof the normal liver, The
effect of cholestyramine feeding may be similar to that
obtained by bile duct cannulation, where bile acid
production rises to a maximum value about 36=148 hours
after aurgery.5 It is thought that during this time,
increased enzyme synthesis may occur, so that in a
cholestyramine fed animal the increase in activity may
be due to larger concentrations of cholesterol=7xs

hydroxylase.

A few tentative studles were performed to
investigate the possible 1nhi£itory effects of the
product of cholesterol-7x~hydroxylase; the enzyme
certainly was inhibited at high concentrations of this
sterol, but not apparently by the amounts of
Tox=hydroxycholesterol which would normally be found in
the tissue, Inhibition by sodium taurodecxycholate
was also studied in normal and chelestyramine-fed
animals, The re~hydroxylation of this salt by liver
microsomes, a very efficient process, might exert a
regulatory influence on the 7«=hydroxylaiion of
cholesterol.,. Again the addition of this bile salt
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inhivited the reaction, but at much higher concentratio:
than are found in the liver cell, The interpretation
of these inhibitory effects must await further work: in
this field; it may ultimately be possible to show

that the two 7dehydroxylation reactions exert a
moderating influence on one another. Invéstigation

of the hydroxylation of taurodeoxycholate may show

that this reaction is markedly decreased in

microsomes from the liver of a cholestyramine-fed rate.

The investigation of the cholesterol=7x=hyliroxy=
lase of the 18,000 supernatant fraction was the main
object of these investigations; it was obvious
however that the metabolism of cholesterol proceeded
further than 7x=hydroxycholesterol in the enzyme
fraction used. Two products, having the mobilities

of cholest=l~en=3-on=7x=0l and cholest-u-enﬁélwﬁm,lzﬁ-

diol were detected. These products were not conclusiv

tly identified by erystallisation, ete.; their
identities were presumed from evidence discussed in
section 3, and their formation from 7«=hydroxy-
cholesterol (section 9), with reference to their
significance in the overall catabolism of cholecsterol.
In most of the studies of the cholesterol=7x=hydroxy-
lase system, these products were formed in variable
but usually small yields. Their formation was
interesting, in that it occurred in the presecnce of
NADPH generator, although in much smaller yields than
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were obtained by incubating 7w~hydroxycholesterol
(added exogenously or generated from cholesterol) with
NAD. lMost of the factors which seriously affected the
metabolism of cholesterol to T«s=hydroxycholesterol

did not markedly affect the further oxidation of this
sterol, Evidence was presented to suggest that the
oxidation of 7M4hydroxycholesterol in apparently
reducing conditions occurred because the enzymes
catalysing each step fofmed a concerted reaction
sequence, Significunt differences in product
formation could be created by incubation of exogenous
substrate or with substrate which had been formed
from its natural precursor in the enzyme prepapation.
If-a linked series of reactions effects the catabolic
steps in this region of cholesterol catabolism, it is
reasonable to speculate that perhaps most of the
catabolic steps and'possiﬁly same of the bio-synthetic
steps occur as a concerted process. The accumulation
of cholesterol in this segquence may be controlled by

a mechanisms as yet unidentified.
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Scope for further work

The work deseribed in this thesis was performed
with the ultimate aim of identifying, purifying and
characterising a cholesterol=7whydroxylase in rat
liver.. These objects were achieved with varying
degreees of success, A microsomal preparation of liver|
as yet in a very crude form, can metabolise
choleaterol-hmlhc to 7x=hydroxycholesterol in yields of

TUQJﬂhlﬁ%. Recent evidence indicates that a considerable
ai_x_n_priification of this system may be obtained by
protecting the labile microsomal enzyme with thiol
compounds, allowing the sedimentation of this fraction
with little lose of enzymic activitye. Synthetic
co=factors may then be substituted for the natural
co=factors of the reaction in the cytoplasm.

Investigatiohs of a rather incomplete nature
have shown that cholesterol-7x=hydroxylacse is probably
an important rate-~controlling enzyme in the formation
of bile acids by the liver, Further study on this
aspect of the catabolism may elucidate the mechanisms
of regulation; it is essential to determine whether
the observed increase in the activity of the enzyme is
Gue to an increase in activity of the normal system or

to an increszsed synthesis of the engyme,

With a purified enzyme source it may be possible tp

assese the role of cholesterol-7x~hydroxylase in terms
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of the dynamic aspects of the intact liver cell. The
study of enzymes utilising molecular oxygen is a
repidly defeloping aspect of blochemistry; one can
only speculate on the integration of these enzymes with
electron transport systems, especially the newly=~
discovered pigments which are concerned with the
activation of molecular oxygens The investigation

of cholesterol-7x=hydroxylase in the light of recent
developments in this field may prove invaluable 'in
detanmining the significance of this enzyme in the
formation of the primary bile acids in mammalian liver,




125,

Appendix 1

Efficiency of counting “XC by Packard Liquid

Seintillation Spectrometer in the presence of silica

gel H.

1 2 3
counts 14,300 + 230} 14,050 + 230| 13,600 + 320
gel added len® 2¢cm? hcmz
counts 14,120 + 260} 13,940 + 240) 13,780 + 290

Standard deviations from 8 counts.

The gel added is expressed as an area of gel

(approximately 0,25mm thick) removed from

the thin layer plate, and inserted in the

counting vial.
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Appendix 2

Relative Rf values of compounds mentioned in the
text.

Solvent system benzene:ethyl acetate :: 7:13;
silica gel H; running time 2 hours.

Trivial names are used where applicable.

QPOSEA JULOIINec ] S

25 '

bile acid formation (section 1) Re

cholesterol 0.78
To~hydroxycholesterocl 030
cholest=l=en=3=on=7«=0l 070
cholesteljmene3=on=7«,12=diol 0e26
5 =cholestan=3=on=7%,l12x=diol 0.50
trihydroxycoprostane Oell
dihydroxycoprostane 0.49
26~hydroxycholesterol 0.58
cholest-5—en93p,?&ZG-triol 0. 14
cholest=l~en=3nx,7x=diol (section 9) 0631

T=keto=cholesterol 0.52
7F-hydroxycholesterol 0e39
cholestanr3f,5u,6fétriol 0.10
cnolesterol=5«=hydroperoxide 0e55
=7x=hydroperoxide 0e55
-5 xybxmepoxide 0653

-5f,6f-epoxide 0.53




cholest=6=en=3 Fs Sax=diol
cholestan-}ﬁ s5u=diol
cholestan=3 )9 ,6f3-d1 ol

127.

0el43
0.35
0.25
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1.

A sample of the unknown metabolite was purified
by thin layer chromatographye. 20 mg, of standard were
added, and the sample crystallised three times from
hot aqueous acetone, Samples were removed in
duplicate at each stage for radicactive and colorimetrie

assay by the Lifschiitz z-eat'.rt'.:i,cmmB"L

The method was tested by crystallising a sample

<

containing a small amount of contaminating radicactivit]
Three crystallisations removed 98% of the radiecactivity
from the crystals.

Ze=hydroxveholesterol
Crystallisation Specific activity

ny/ mg)

- 2550

2500

2450
2600

370
380
330

350

W N

LTI \V I
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Attempts to erystallise '7-keto=cholesterol' to constant
specific activity (radiocactive assay / O'D‘238) were

not satisfactory (section 3).

2e Qh&ls&ian:iﬁaim;éinnlgl-

This autoxidation product was not characterised
by erystallisation to constant specific activity,
since a convenient colorimetric assay was not available
Radioactive material was mixed with a few mges of
standard cholest&n-}P,Sa,6F-triol (preparation ref. 85)
dissolved in 10% aqueous dioxan and about 10 mg. of
N-Bromosuccinimide addeds The solution was allowed to
stand at room temperature for 30 minutes, then extracte
with ether, Oxidation of the trihydroxylated sterol
occurs in these conditions to cholestan~3f,5x~diol—6-
oneae; thin layer chromatography of the product showed
that the radiocactivity was confined to the ares of the

oxidation product (R, 0.28).

7=keto=-cholesterol, cholesterol=5«-and 7x=hydro=-
peroxides, cholesterol=5ux,6x= and BF,GF-epoxides were
reduced with lithium aluminium hydride in dry
tetrahydro=furan by refluxing for 1 hour. Excess of
the reagent was destroyed with ethyl acetate, and the
mixture treated with a saturated solution of Rochelle

salt (sodium potassium tartrate)s The reduction
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products were extracted with ether.

The major reduction preducts of the various

compounds are shown below (according to Eieser87).
Major product

T7-keto=cholesterol TF-hydro;ycholeaterol

cholesterol=-5«~hydroperoxide cholest-G—en-sp,qudiol
=76-hydroperoxide T7x=hydroxyciolcsterol
=54, 6x=epoxide cholestan-Bf,Sx-diol
-5r,6f-epoxide cholestan-}F,GF-diol




1

|

Figyre A; Trace by gas-flow counter of the products

formed after hours photo~oxygenation of
cholesterol=l= .

ls. cholesterol .
2« cholesterol=5«~hydroperoxide,

"y
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Most of the materials used in the work were
available commercially or had been synthesised by

previous workers,

The photo=oxygenation of cholesterol has been
thoroughly investigated by Naqvisa and Aliag. The
reaction was carried out in pyridine with hemato=-
porphyrin as catalyst for 10 hours. A diluted
radioactive sample of cholesterol was used

(20 mg. = 18{(0).

Figurec A shows a radioactive assay by gas={low
counter of the sample after 10 hours irradiation.
Cholesterol was converted in about 60% yield to a
rroduct with the mobility of cholesterol=5Sx=hydroperoxic

After removal of the solvent (at 30° under reduced
pressure), the sample was dissolved in dry chloroform
and allowed to stand for 18 hours. Isomerisation of
the Sa=hydroperoxide function takes place in chloroform
by a mechanism which has not yet been elucidated

(efe figure 8, section 3).

i




Trace by gas=flow counter of the reduction
products of cholesterol-hydroperoxide after
isomerisation in chloroform,

1. cholesterol=hydroperoxide

2+ cholest=Ge=en=3p3,5x~diol

3. T7B=hydroxycholesterol (probably)
Le 7x=hydroxycholesterol

5+ cholesten=33 ,GF-di ol (estimated)
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The sample was reduced with lithium aluminium
hydride to give the spectrum of products shown in
figure B. The major products were as shown; it was
evident that isamerisation had been incomplete, since
chq;cst-ﬁ-en-3ﬁ,5m~diol was formed in lurge yield.

A product with the mobility of cholestan-}F,GF-diol

was also formed; it is conceivable that the mobility
of this sterol is similar to cholestenhBF,Gpadiol which
could be formed by reduction of a 6 -hydroperoxide,
suggesting that this hydroperoxide may also be formed
by photo=oxygenation of cholesterol.

The radiosctive 7x=hydroxycholesterol was purified
by thin layer chromatography; subsequent assay showed
the sample had a specific activity of 1,750 q/m/p'g.

Randomly tritiated cholesterol was prepared by
exposing a sample to tritium gas at low pressure for

88  sfter equilibration, the sample was purified

7 days.
by thin layer chromatographgand found to have a specifi
activity of about 16,000 q/m/ﬁ'g. (Liebermanne

Burchard/radioactive assay).

30 esterol=5 ¢ 6umepoxide=H

This epoxide was prepared by the method of
Spring and Swainso from tritiated cholesterol.

C
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!-l-c - et et

Tritiated cholesterol acetate was prepared by
refluxing cholesterol="H with acetic anhydride and
pyridine. Oxidation to 7-keto=-cholestorol was
effected with chromic oxide in anaerobic conditione’-
The product was hydrolysed by refluxing for 30 minutes
with 5% sodium hydroxide in methanol, After
purification by thin layer chromatography
7~kato~cholesterol—3H was obtained with a sPecific'
activity (nounting/O.D.ass) of 9,000 Q/m/ﬂ'g. The
yield of 7-keto~cholesterol was about 10%.

The properties of substituted pteridines have
been thoroughly investigated by Viscortini and co-

workers, 92

The pteridines were reduced to the tetrahydro-
derivatives in 5N HC1l with 2 mg. of palladium on
charcoal in the presence of gaseous hydrogen., The

mixture was shaken for three hours in the dark,

The catalyst was removed by centrifugation

and the solvent evaporated at 40%nder reduced

pressure, <The white crystalline product in the form
of the hydrochloride was crystallised from water @

ethanol : acetone, 1 ¢ 1 ¢ 3 and stored at -15° in the




0.D.

1 — 1 | 1 4‘ —
250 275 300 325 350 400 450

WAVELENGTH mas

Flgure C: Decomposition spectrum of 2-smino=4=hydroxye

6=me thyl-tethdahydropteridine in 0.1 N
NaOH,

1 = time zero
4 - after 10 minutes.
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dark in 0,005 N hydrochloric acid.

Reduced pteridines tend to be unstable to light
and oxygen; samples were assayed immediately before
use by an optical method. Figure C shows the rapid
decomposition of one of the reduced pteridines in -
0.1 N sodium hydroxide. The characteristic peak of
the reduced pteridihe at abqut 280 mry disappears
rapidly under these conditions.
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The Hydroxylation of Cholesterol by Liver
Microsomes

By J. R. Mirrox and G. 8. Boyp. (Depariment of
Biochemistry, University of Edinburgh)

Various studies have indicated that one of the
early stages in the formation of bile acids from
cholesterol is the introduction of a hydroxyl group
at C-7, (Lindstedt, 1957) suggesting that cholest-5-
ene-3f,7x-diol may be an intermediate in bile acid
biosynthesis. The stereochemistry of this hyd-
roxylation at C-7 has been examined by Bergstrom,
Lindstedt, Samuelsson, Corey & Gregoriou (1958)
and shown to be achieved with retention of the con-
figuration at that position. Certain hydroxylation
reactions have been shown to require oxygen to-
gether with NADPH and are located in the liver
microsomal fraction (Brodie et al. 1955). Danielsson
& Einarsson (1964) reported the presence of a Ta-
hydroxylating system which was not influenced by
the addition of NADPH.

Studies on the phenylalanine hydroxylase system
by Kaufman (1963) have demonstrated the parti-
cipation of dihydrobiopterin in this system. We
have investigated the mechanism of microsomal
cholesterol hydroxylation and studied the effects of
NADPH, ADP and certain pteridines on the
reaction.

The livers of normal young rats were homogenized
in 0-25Mm-suerose and the microsomal fraction
isolated in the usual way. 4-[14C]Cholesterol was
purified by chromatography immediately before
use, and added to the microsomal preparations in
acetone solution together with cofactors such as

NADPH, 6,7-dimethyltetrahydropteridine, ADP,
ete., in different combinations and concentrations.
The mixtures were incubated in oxygen at 37° with
shaking for periods from 10 to 60min. and then
extracted with methanol, chloroform and ethyl
acetate. The lipid extracts were subjected to a
preliminary separation on alumina columns followed
by final resolution by thin-layer chromatography.

It has been found that the microsomal fraction of
rat liver in the presence of oxygen and NADPH is
capable of metabolizing added cholesterol to a
variety of products. In the presence of a tetra-
hydropteridine the principal metabolic produet was
cholest-5-ene-38,7a-diol, suggesting that a reduced
pteridine exerts an influence in the microsomal 7e-
hydroxylation of cholesterol. Investigations using
different buffer systems and ADP showed the
formation of material with an R, similar to cholest-
5-en-3f-0l-7T-one. Re-incubation of this substance
produced a substantial conversion to cholest-5-ene-
3B,78-diol and another product with the R, sug-
gestive of a trihydroxylated sterol. The significance
of theso studies in relation to the overall conversion
of cholesterol to bile acids in rat liver will be dis-
cussed.

Bergstrom, S., Lindstedt, S., Samuelsson, B., Corey, E. J.
& Gregoriou, G. A, (1958). J. Amer. chem. Soc. 80, 2337.

Brodie, B. B., Axelrod, J., Cooper, J. R., Gaudette, L.,
LaDu, B. N., Mitoma, C. & Udenfriend, S. (1955).
Science, 121, 603.
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The Enzymic Hydroxylation of Cholesterol by
Microsomal Preparations of Rat Liver

By J. R. Mirrox and (. S. Bovp. (Department of
Biochemistry, University of Edinburgh)

There is evidence that Ta-hydroxycholesterol is
an intermediate in the conversion of cholesterol to
the primary bile acids by mammalian liver
(Lindstedt, 1957). Recent evidence (Danielsson &
Einarsson, 1966) suggests that the 7e-hydroxyla-
tion of cholesterol and metabolism to 3e,Tx,12a-
trihydroxycoprostane is effected by the liver
endoplasmic reticulum (microsomes) together with
the cell sap. Factors influencing the 7o-hydroxyla-
tion of cholesterol and the metabolism of this
intermediate in microsomal preparations of rat liver
have been studied.

Livers from normal male rats were homogenized
in 0-25M-sucrose and centrifuged at 20000g for
20min. to remove nuclei, cell debris and mito-
chondria, leaving only the mierosomes and cell
supernatant. The microsomal fraction was sedi-
mented at 105000g for 50min. [4-14C]Cholesterol
was purified before use by thin-layer chromato-
graphy and added to incubations in a small volume
of acetone. Furtheradditions were made in water to
give a final volume of about 7ml. with phosphate
buffer, pH7-4. Incubations were conducted at 37°
with shaking in air. Lipids were extracted with
methanol, chloroform and ethyl acetate and the
lipid extract was finally washed with water. Final
analysis was effected by thin-layer chromatography
with subsequent elution and liquid-scintillation
counting.

The most active T7a-hydroxylation system was
found to be the 20000g/20min. supernatant

(microsomes plus cell sap) fortified with NADPH.
Re-combination of the separated microsomal and
supernatant fractions gave a reduced activity, as
did the microsomal fraction alone, indicating that
some inactivation occurs during the fractionation
procedure and suggesting the presence of a ‘co-
factor’ in the supernatant. The only addition which
produced a marked stimulation of the 7e-hydroxy-
lase activity was NADPH in contrast to the finding
of Danielsson & Einarsson (1964).

Autoxidation of cholesterol was minimal in this
system but was increased in the presence of mag-
nesium ions, which also produced a deerease in the
enzymic 7a-hydroxylase activity. In a previous
communication (Mitton & Boyd, 1965), some of
the complexities of the autoxidation problem were
described ; it appears that cholesterol forms such
produets by a ‘lipoperoxidation’ mechanism in the
presence of ferrous ions, nucleotides, phosphates
ete.

The intermediate, T«-hydroxycholesterol, is
efficiently converted by the microsomal fraction in
the presence of NAD* into 7Te-hydroxycholest-4-en-
3-one. In the presence of the microsomes plus
supernatant fraction, 12¢-hydroxylated products
have been detected (ef. Danielsson & Einarsson,
1966). The factors and conditions influencing these
two hydroxylations will be discussed.
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