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 ABSTRACT
i ' ' . . ) . -
i \ The hepatic cytosolic system has beef used to study the process
of mama]ian carbony'l reduction. . e ' '
In m metabolism of the aromatic ketone propiophenone’ and its
non-aromatic isomer pheny'lacetone as well as several analogs of bnth"
;compounds, were extensive'ly inyestigated using fortified liver
preparations 110 ;OOOXg_ supernatant 105 000Xg microsomen fraction,
105 000xg cytosol (soluble) fracti 3n] from rat and rabbit.' Reii’;ction:
to the cbrresponding a'lcohols was the maJor pathway observed although"
¢ aliphatic C- hydroxylation .also occurred as did dehydrogenation ofsthe
product alcdhols\ Metabo’lites were 1dent1fied and quantitated by gas
1iquid chromatography (GLC) and GLC/mass spectrometry (MS), and these .
analytical procedures are discussed The nature and quantities of
metabolites showed both species and cofactor dependencies.
Methodologies emp'loyed\in the in m experimentation are
———— **discussed*tn detail. Conditions were investigated which«wou]d permit
maximum enzyme activities of both carbonyl reduction and a'Iiphatic
hydroxylation. ) The metabo'lic reductase system could be defined
further w1th regard to pS} optimum, NADH Synergism subce’l’lular location
" ‘and substrate specificity. ' )
. The stereospeci’ficity o"f the metabolic reduction -of
arylaky'lketones vias studied.  Ketones propiophenone,'pheny1aceton,e, |
’ and l-phenyl-lf.2-propanedione were Mvivo and EM in rat ‘
and rabbit to the corresponding a'lcoho'ls. ‘\For the analysis a .

capillary-GLC method emp'loying chiral derivatizing reagents for the

4



reso1ution of these opticaIly active a1cohoIs was utilized.:
The metabolism of amphetamine and reiated compounds by rat brain',

tissue was investigated in vivo and In vitro.

‘ quditions were: studied for the extraction,}separation ‘and
,fquantitation of amphetamine and norephedﬁ!ne, ‘and their amphoteric’ \\
metabo]ites pghydroxyamphetaminec and pfhydroxynorephedﬁine; in
biologica] fluids using electron capture GLC. The procedure utilizes
the ion-pairing reagent di(2-ethy1hexy1)phosphoric acid “the usé of
which separates the amines fran ‘most endogenows contaminants. The

N

_ - assay procedure further permits the ef;icient extraction of the
amphoteric metabplttes following_theirlconversion.,in aqueous medium,
to acetate‘deriv;tives. Amines amphetamine and norephedrine,vand the

>acety1ated ‘derivatives of - the amphoteric - compounds_ are

_perfluoroacylated prior to EC-GLC analysis. Mass spectra were

"'obtained for . the acdtylated and/or perfluoroacylated derivatives. The

"sensitivity andjspecificity of this method allows the quantitation of
these metabolites down to 10 ng/g tissue when present in the brain.

) Rat brain nntaboiism ‘of amphetamine jyhydroxyamphetamine, and
norephedrine was investigated. The data was interpretated as showing
that both Ei_x_i__vg and._i_n> yitro, amphetamine and .norep'hedr.ine are
' para-hydroxylated to jyhydroxyamphetamine'and p-hydroxynorephedrine,
respective1y, and'p-hydroxyamphetamine uas bgtg-hydroxyIated to
pfhydroxynorephedrine; Norephedrine was not‘detected,as a-rat brain
metabolite ‘of amphetamine. All results were confirmed by selected ion
monitoring dtiliziné‘chemicai-ioniiation MS. )

Rat hepatocytes in suspension and monolayer primary cultures were

evaluated as in vitro model systems for the investigation of the

metabolism of foreign compounds.



g 'Paramet’e'rs condi"t‘;oning so'lation of viable cell.s. attachment
“‘:’efficiency, and optimum survivaT of rat Tiver parenchyma'l cells wereD
_defined for cu'lture systems. More than 2.5 x 108 viab'le mature cells'_
;were rOutine‘ly isolated by coHagenase perfusion of adult rat 'liver.
. Culture conditions included the use of an enriched ~media mi)xture
(DMEM/F-IZ) fetal bovine serum, - and supp'lementation with insulin and
dexamethasone. | | ‘ '

Comparative morphological and biochemical studies of adult rat}
hepatocytes cu'ltured on g'lass. p1astic \thin co'llagen Tayer, .collagen
ge'l and floating co’llagen membrane, and of cells entrapped within a
semi- permeab'le carrageenan matrix are vdescribed._, Results are
discussed in relation to the necessity of cultured cells establishing g
a proper socio-cenular architecture reminiscent of hepatic tissue in
vivo, in order to remain vfable in vitro. Rat 1iver cell cu1tures
-‘established from feta]_/neonata] ‘tissue were found to possess few
:charact istics of mature hepatic tissue.

’preparation of adult rat hepatocytes provided a high yield of
Intact metabolically active cells. The hydroxylation of amphetamine
to p-hydroxyamphetamine was investigated in “several In vitro culture.
systems and compared to that found in vivo and"lwith broken cell liver
preparations;, These results support the validity of adult hepatocytes :
in short term primary monolayer cultures as a- model system for
qua]itative investigations of the metabolic fate of xenobiotics 1in

mammalian cells.
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DEFINITIONS . | e

Anchorage-Dependent Cells or Cultures. Cells, or cultures -derived’
from them, which will grow, survive, or maintain functions only when
 attached to a surface. (The use of this term does not imply that the
cells are normal or that they are not malignantly transformed.)

Attachment or Seeding Efficiency. That,pe"rcentage of the “inocdl'um'
which attaches to the surface of the culture -vessel within a given
~period of time. ‘ p A

CeN Line. - A cell line arises from a pr'lmaryl culture at the time of
the first subculture. An established cell 1ine is a cell line which
- demonstrates the potential to be subcyltured indefinitely in vitro.

Cell Strain.. A cell strain is derived either from a primary culture
or a cell line by the selection or cloning of cells having specific
properties or .markers. These properties ‘or markers must.persist
during subsequent cultivation. . ¢ : :

Chemically Defined Medium. A nutritive solution for culturing cells
in which each companent of the medium is of known-chemical structure.

Culture:

cell culture - used to denote the maintenance or growth of cells in.
vitro, including the culture of .single cells. In cell cultures, the
celTs are no longer organized into tissues.

(di loid culture - a culture having, arbitrarily, at least 75% of the
Cells having the same karyotype as the normal cells of the species
from which the cells were originally obtained. '

explant culture - excised fragment of a tissue or organ which is .
‘transferred to an artificial medium for growth. ‘ f’

hetéropioid'cuitu’re - a culture having less than 75% of cells with a
normat diploid chromosome constitutionz.x - ‘

-npthlaﬁt"‘cﬂtu:é’ - refers to a single layer of cells growing on a
-surface. 7 ' o

" ‘organ <culture - the maintenance .-‘or .growth of- ti«-ssues,.brgah. primordia,
or the whole .or.parts.of an organ in vitro in a way that may allow
differentiation and preservation of-'fﬁé_ architecture. and/or function.

" primary_ culture - implies a culture started from cells, tissues, or
- organs taken directly from the organism. A primary culture {s
" regarded as such until it is subcultured for the first time, when it
-~ becomes & cell 11ine. ' '

suspension culture - denotes a type of culture in which cells are
grown while suspended in medium. ’
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. tissue culture - the maintenance of tissue fragments in vitro, not
. necessarily in condititns designed to preserve tissue arEﬁﬁtecture; '

Dedifferentiation or Fetalization The loss, by highly differentiated
cells, of characteristics/functions specific to their mature state.
The cells essentially return to an infantile-1ike stage of
development. ' :

Differentiayion. The diversification process of cells acquiring
completely individual characteristics specific for certain functions.

Epithelfal Cells ' (Epithelfal-1ike Cells). Resembling or
characteristic of, having -the form or appearance of epithelial cells.
In order to define a cell as an epithelial cell, there must be
definitive characteristics present typical of epithial cells; fi.e.,
appear cuboidal when viewed under the light microscope and grow in
continuous mosaic-like sheets with very 1little intercellular
. substance, wherein cells are in quite close contact with each other.
Usually one is certain of  the histological origin and/or function of
the cells placed into culture and, under these conditions, one can be
reasonably certain in designating the cells as epithelial.

Fibroblasts (Fibroblast-1ike Cells). Resembling or characteristic of,
having the form or appearance of fibroblast cells. In order to define
a cell as a fibroblast cell, there must be definitive characteristics
present typical of fibroblast cells; fe, appear pointed or elongated
when viewed under the light microscope and grow in sheets wherein the
cells are rather loosely in contact with one another.

Mitosis. The process by which the body replaces cells. A method of
indirect division of a cell, consisting of a complex of various
processes, by means of which the two daughter nuclei receive identical
complements of the number of chromosq@es Characteristic of the somatic
cells of the species. '

Morphogenesis. The evo1utionvand development of form, as the
development of the shape of a particular cell or organ.

Neoplastic. A description referring to a new or abnormal growth or
proliferation of cells. Usually refers to an abnormal cancerous
proliferation with the ability to produce tumors in appropriate hosts.

Ploidy.  The number of chromosomes sets, Haploid - the basic
chromosome number of a polyploid series, in this instance meaning
monoploid. Diploid, Triploid, Tetraploid, etc - double, triple,
quadruple, etc. the basic number. Polyploid - general designation
for multiples of the basic number, higher than diploid.

Subculture:‘ The transfer or transplantation of cells from one culture
vessel to another. This term is synonomous with the term “passage".

Transformation (In Vitro). A herifable change, occurring in cells in
culture. This change occurs intrinsically or results from treatment
with chemical carcinogens, oncogenic viruses, irradiation, etc., and
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leads to the acquisition of ai_.t:ered" properties such as morphological,
antigenic, proliferative, etc. Oifferent. from neoplastic alterations
o in that it does not include the ability to produce cancerous tumors in
; vivo. . : ' bl

-
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- 1..  INTRODUCTION



'Patients may recover in spite
\

of drugs, or because of them'

4

J.H. Gaddum, 1959

. The introduction of a drug into'a living system may not
alvavs~'résu1t in the expected effect}‘ As drugs, or ‘any
foreign com;ounds; are chemical in'nature, any response they
initiate can usually be interpreted as the consequence of.
chemical reactions occurring at the subcellular level. Such
tinteractions," wnich Can bccur' with :Q; wide variety of“~
endogenous components,aevolve as biochemical physiologicai,
forfbehavioral'changes. But as important as it is to assess
fhow a drug (or any chemical form) influences a tuological
system, it 1is equally ‘as 1mportant to examine just what
effect the system may have on the drug. This discipline of
pharmacology, generally referred to as. drug or xenobiotic
metabolism has substantially improved the fundsmental under-
nstanding ofvdrug-body'interactions. Metaboliem, originally
considered to be merely part of the drug elimination process,
was 1inaccurately referred to as a simple mechanism for
detoxification. It soon became evident however,'that the

metabolism of an active compound was nf¢ always accompanied

by a loss of its pharmacological effect. Indeed, after many

e

e



observations that various 'biolog‘ically active substances iv
actually 1lacked their efficacy p'e'"r se and onJ,y' become
pharmacologically active upon biotransformation, or that
certain compounds could give rise to toxvi.c, ,mu_ts‘genic_, or
.'carci.nogenic products. it was eventuadll-y recogn'ised-“"that
metabolism no longer necessarily implied only detoxificationl
-or- inactivation. As a result, this once simple concept gave
way to a ‘much more complex scheme. The overall effect of a
.drug on a living body depends not only on the compound 8
“physiochemical properties which control the nature of thefi_

y response, but’ also upon the physiological and- biochemical

' status of ‘the 'system, which detexmines ther fate of the drngi“'-“-'~t,‘~

in t‘hat bod}?.

L .
- - - -~ A [N -

1.1 DRUG METABOLISM STUDIES

The biotransformation _o‘fb :;enobiotics_:involv.e:s a . vast

multi-component, enzyme system through which . changes ‘are
. , » B .

generated by way of well established metabolic reactions.:

Although the literature dealing with these "pathways is

14

extensive, fundamental knowledge ‘in many areas is at best,y_...

- -

fragmentary. Much remains to- be learned about the capability o

-~

-of biological systems to alter compounds wﬁich are essen=
tially completely foreign in nature to the body. and about
the mechanisms involved in the control of the metabolizing

enzymes. By wunderstanding the metabolism process more’



tnoroughly,.a_better awareness of hom andiﬁni-druge,wori ia'c

provid;dl,li} | S | - “
| The piincipal aims of xenobiotic metaboliem studies

have‘been outlined by Hathnay uJ as the proviaion of informa-

')-
tion on

'i. the overall adsorption, dihtribution and excretionf”A

of a° foreign compound and its metabolites,
ii. the kineticg Qf abaorption, distribution, biotranc-m"
| :formation, and excretion, ‘ »

iii. the identification of metabolic products and on the

elucidation of related metabolic pathways,

LS
.=

'_i ;_‘the—enzymic mechanisms reaponsible for’ the observedj
"biotransformationa, and
v. .the fundamental biological parameters which regulate
| the course of foreign compound metabolism.
1.1.1 ,In Vivo Studies
: The obviOus approach by which to  investigate drug
metabolism and any resulting'-pharmacological and toxicol-
ogical consequences is through the utilization'of in vivo
:experimentationt  _Studies. .on - live animalea has made it
;léoeeible to -’ establish metabolic patﬁwayn' and determinev

varioua factors whidh affect the levela of drugs and their-

metabolites. However, this manner of reaearch is subject to

aeveralvdieadvantagesz\



v .

i.. Animals are often exposed to uncontrollable and many
 times” unidentifiable factors which may significantiy
influence the- results (ie. disease, genetic factors,

microbial flora, etc.).

1i.  The procedure has very little control over suchii”

important aspectstas the- distribution of the drug,

its concentration in.a- specific tissue, and the time"

e
.
P

... -- of ‘exposure at that sitew - b o

iii. ‘Wnile extremely.useful‘in‘estaoiisninébtne‘ouerail
'fate of;'a drudy in w~vivo vstudies do not present
- . adequate information .abaut the mechanisms of drugﬂ
o biotransformations at-the cellular level._l
Because of these drawbacks, supporting in vitro anal?ses arc
—-someti{ngemnecessgr_y .t,o.prolvide a more satisfactory inter-
pretation of the in vivo results. Although'only a limited
assessment of the general behavior of drugs can be made in
vitro, these' investigatione do -however provide a more
intricate understanding about the actual metabolism proceee

than is possible w1th in v1vo studies.

1.1.2 In Vitro Studies T e

g

v

Prior to any practical clinical application of a: drug,"

considerable time and effort is devoted to characterizihg the

drug from a. pharmacological and toxicological standpoint.‘ as

with in vivo studies, in vitro investigations are useful in
aiding the extrapolation of animal\data from one species to

another, or more importantly, from.animal to man. Gillette



§

(2)asummariged the purposes of in vitro studies as procedures
i. to determine in which tissue drug transformation
takes place, - | "‘

_ii.. tb determine the physiological and chemical steps
involved in the formation of. Wmetabolites and to
identify the components of the enzyme systems thak
mediate these steps,

134, ;to characterize the biochemical properties of the

various components which make up the enzyme systems,’

-
-

and'.ﬁziﬂfim,q¥w.::';éi”f L
iv. to determine the various mechanisms and factors
) x..whicn\control enzyme activity.

. , SR \
l.1.2.1 Btdken Cell Preparations, Tissue Slices and Perfuaed ,
| -o:’-gana .

Many ‘of the advancements made in elucidatin ng the
complex drug metabolism process’ have been - through the usé of
various forms of in vitro experimental ‘models. By far the
majority Aof investigations have utilized broken cell'

preparations derived from liver tiasue,'whiCh include wholeiﬂ
ti;sue homogenates, subcellular ;ractions, and more recently,
purified and partially-purified, enzymes.
models do, however, suffer: from certain drawbacks which have
lead ‘to a serious point of issue (3). Since the architecture

of the native cells may play a significant role in the

~regulation of metabolism in the intact animal, the assumption

; These .in . vitro_':.:
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. to. obtain as cellular necrosis within the center of . the'
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‘that reconstituted enzyme systems, prepared from homogenized
tissue,l can be used to accurate;y represent ‘the reaction.

mechanism of a ]iving animal is of questionable validity.'

Once the interrelations -of a multiple enzyme system are

destroyed by homogenization, the sequence of biochemical

revents may be irreversibly changed. Subsequently, efforts

have been made to develop an in vitro model ‘which more

closely resembles a true in vivo situation. Because cellular

architecture remained essentially unchanged, many promising

experimental techniques have involved either tissue slices or.

perfused organs. Unfortunately, both preparations also have

notable disadvantages. With liver slices for instance,

metabolism is slow, due in part to the difficulty with which

substrates diffuse into the fragments. Furthfrmore, a large

A

fraction of the cells are inevitably damaged as ,a result of

the slicingrprocedure and- feproducible” results are difficult

slices usually occurs.‘
' For .the study of intact liver functions under control-
" led pconditions,' perfused livers have lbeen extensively‘

utilizsdv‘ This experimental system is of - considerable value

when investigating such specific‘topics as biliary clearance,

, R , _
‘blood-flow‘effects and first-pass kinetics. Unfortunately.

w

these experiments are tjkhnically difficult, time—consuming

in as much as only one variable can be measured with each

organ, of limited viability (4—8 hours), and conditione are

¢



difficult to reproduce (4). éecaase ofl thesel difficulties;w
' the procedure has not aquired w1de -spread acceptance. MNever—

theless,r slnce ' perfused organs can be- maintained under

- conditions resembling _those whidh.-occur in the live animal,
tuese'in vitro;preparations can provide valuable information

‘'on the metabolic capabilities of the tissues involved.

v

l.l;zsihlsolated Cells and Tissue Cultures

Iny7recent ‘Years - the. development 'of systems using
freshly isolated cells has become increasinglylattractive for
the investigation of xendbiotic biotransformations.lpMany of
,the problems assoc1ated with other intact cell models (liver
slices,. perfused liver) do not arise when isolated hepa-
tocytes maintained as: either suspension or monolayer cultures
are utilized. The major appeal of isolated hepatocytes is
that they provide ‘the' simplest model‘:in which: dru%
metabolizing enzymes retain virtually the same properties as
in the in vivo situation. This system offers an- alternative
to the more complex and troublesome studies . with 1solated
perfused livers, but without the loss of cell integrity
,associated with the ‘use of 1liver cell .homogenates and
. subcellular fractions. ?The particular advantages'ofisol7}edji
cells‘have been.anmmarized by a,number of.authors (548)= T
i. The viability of the system is much ldnger than w1th

perfusion or slices.‘ This is particularly true of

monolayer}cultures._

T S
. . s . . -

NS
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The application of thie relatively uncomplicated model,

meta

e

O

TIE is gossible to control the culture medium, allow-

........

' ing the surrounding environment to be -completelya

defined. o '°:””“f'”f;“') - ;ff. » ¢3~V;Q i

'The systems are essentially free %of 'ahy”,méjor' '

variables, i.e. hormone, nutrient levels, etc.

They allow -the study of . functions specific to the

-

cell: without the difficulties caused by the presence-

of other unrelated cells in a tissue.

f There is a much more rigid control.of‘dosing-concenﬂ,
"trations and time of exposure to the drug than in iﬁ:

vivo studies..

It is possible to conduct direct studies of changes

rgoing on w1thin the cell, such as.protein synthesis,

. . [y .
enzyme-levels,'etc.' This would allow observations

.

'tO'be made of any relationship between metabolism

x
and toxicity. ”

1Repeated sampling from a single batch of cells is

4

‘possible, 80O ‘that hoth 1n5racellular and extracel-

lular measurements can be. nade simultaneously and in’

1./

relation to time. As well, it is possible to divide

“cells derived from the same animal and run paired

control and test cultures.

containing’both an intact cell membrane and a viable drug-

' determining the direct pharmacological and/or toxicological

iiing system, 'can be of »significant value in
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ieffe‘cts“ of-a compoﬁh& in-a cell, and the metabolic chan'ges‘

mediated “by celrs on ~a- drug<.~ Howevem cas- with any viabler

el Yo et Kl -ty

'also has various drawbacks.,' In some’ studies, .cells have"

demonstrated» very poor. . or. no. metabolizing ability, and_
lsomer doubt has been raised concerning'the ~value of isolated’
" -.hepatocytes in drug metabolism investigations. :

understandably,_ no single technique used for studying

St

‘drug metabolism has been able to provide all the answers.

(A o an ey W R e wr [

s This emphasizes the continual necessity for improvement of

‘x";. 4.d

existing systems !and the development of new models for the,

A
comprehensive analysis ‘of both the compounds under study and

the manner in which a. viable" biological body behaves.

L)

« Tt .M e W

o

'experimental system, the approach to using isolated cells-

-
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AIMS AND OBJECTIVES
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The primary objectives of the present resedrch-program

invoived two ma jor aspects of'drug biotransformation investie_
gations. The first area was concerned w1th the utilization
of in vitro animal models during ‘metabolism- studxesa
Significant intereet was focuased on imprOVing the under-me
standing ‘about such in vitro experimental systems and their
application to current research. ' The second area was
involved ‘with the analytical nethodologies‘ used ' in tné‘

determination of xepobiotics and their metabolites The

. Iy

’developmen?/égﬁgbec1fic and sensitive analytical procedures,

especially ' ones applicable to compounds in biological
nateriale, play a major function in'unravelling the complex
process of drug metabolism. | |
A large number of compounds of biological interest are
found to possess ; ketone functional_group. . These include

medicinally important drugs, as well as a'large variety of

" other xenobiotics to which exposure may occur, such as food

additivesh agricuitural chemicals, or organic solvents., 1In
addition, many non-ketOne compounds may be metabolized to
ketones, as with the oxidative deamination of amphetamine to
phenylacetone. The metebolic fate of 'xenobioticv caroonyld
containing compound ie'therefore of great interest, and it
has been found that reduction to the corresponding alcohol is
a. significant pathwez»'for. the biotransformation or both
aldehyders and ketones in mammalian tissuef However, whereas

in recent years aldehyde reductases from severhl‘species have
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been isolated .and extensively characterized, information

on the biological and physical properties of ketone

. reductases is still lacking. For this reason a detailed .

RS

| study of the metabolic
alipﬁétié‘ and ;fswatic éfylaikyiketéﬁes. was - undertaken,
including;investigations dealing with species, cofactpr and
substrate differences. S h”‘if»

Due to the -nature bﬁ;?héf&bblicfﬁréductioh}ﬁ that is, .

8 e o S, - . »

' “ P . 4 e . o PN
o 4 ~ et (RN - Long.s v <y ’ -. 2 " N Y 2 ) ‘a I - id R
M’;d@nﬁd&s;oﬁwofwanwachlpal:ketone~to°a-W:pitally;asymﬁétrfc

alcohol proéuct, an opportunity. was fﬁrther provided to
ihvestigate seve:él stereochemical aspegté in the metabolism
- of drugs.. Few détéiied‘fsfuaiéé'_bbj fﬁé stereochemical
mechénism of ke£one're§ﬁciiqn héve béen~pbblished. A majdf

reason for this absence of information has been due,. at least

-~

in part, td the lack of sufficiently épe?ifié and sensitive
analytical techniques for~ the deté?mihéfioh«éf'thé opfiéal
purrUeé qf éhantiomeric product alcohols, particularly when
the séﬁples Age available in only very low‘concentrations in
biological fluids. A primg objective of these invesﬁigations
was the adaptation of current chromatographic‘methodologies.
for the determination of the 6ptié§1 pu;ity of small amounts
of metabolic products. “ | .

Since most in vitro studies of hepatic drug ﬁetabolism
are pefformed' utilizihg incubations of subcellular
preparations, it has been pointed out thai .leVe@s and

patterns of drug metabolizing activities with these systems
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are sub]ect to a. high level of external control.: Becausef:~-w

incubation conditions have been -more or less standardizedt

oy L
over past years, few ettempts have been made to - determine._nu..

'those conditions which provide for optimal enzyme activity

o In view of this, it was\informative to examine those bio—

chemical factors which are critical- in in v1tro metabolism

1nvestagations.

Although “the‘ principal - investigations of - drug |

metabolfsm have centered around_the use oﬁ hepatic tlssue,"it

PRA - o

has become 1ncreasing1y apparent that xenobiotic metabolism>

in nonrhepatic tissues is of a greater significarce than that

:sssigned,formerly, A preiiminary investigation was under-

- -

)

taken to determine to what extent cerebral metabolismj

influences the disposition, in rat brain tissue, of several

........

;ER::administered'symﬁathomimetic amines.' A primary concern:

~ e ot g

e

_of this study was’ the availability of selective and senSitivew”

analytical methodologies which would permit quantitation of

' trace levei&vof,metspol;tes,hingiuding.phenolic'amines{”in

biological fluids.

The metabolism of xenobiotics in the multicelluiar

Lo

organism has been studied by a variety of methods.# Of great

interest over the past several years hawebeen attempts to'

B -

develop tissue culture procedures utilizing -isolated

hepatocytes for these studies. The potential of hepatocyte

cultures is'somewhst different from systems involving broken -

+

cell preparations." _Prac%ically, however, because of  the’
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,,gained widesPread acceptance..tA principal quuirement fori7~b'-

cell - cultures is the ability to prepare s'ué'péius‘-iér{s‘i -"‘féf'

.viable; intact.hepatocytes in high yields.u However, because
it has not - been possible to sustain cultures of liver paren-'

chymal cells in which drug metsbolizing systems remain actlvef

-_through several - generations, objectives lie in the greater -

iumaintenance of ‘the dlfferentiated cell state by suitable

.mani?ulatlon of the medlum.. An extenslve study of condltlons 

«  .which would hopefully extend the xenoblotlc metabollzlng

e
S © 5 a . -~ o . - ©. v - e - - e

activ1ty of hepatocytes in prlmary culture, Snd’a prellmlnAry

' assessment of their usefulness in éonventional metabolism

studies, was undertaken.

- - .
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3.1 . METABOLIC CARBONYL REDUCTION ~ ~ -~ "%~
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.By . far the gn&ﬁest effort in the investigation of the“

’drug metabolism process has been directed towards 1earning“

>
more about the biochemical nature of the microsomal mixed

.functiOn-oxidase system.. This is not surprising in view of

the fact that oxidative pathways dominate the biotransforma-

tion of drugs and other foreign compounds. This should not

.be‘interpreted,~however, to mean that the remaining metabolic

routes such as reduction, hydrolysis, phase 1II conjugations,

and various other reactions are of any less importance. ‘Even -

though these pathways have not been as exten81ver studied as

microsomal oxidations, they can perform 51gn1f1cant roles in

‘the fate of xenobiotlcs in biological systems. For 1nstance,

carbonyl reductasfs “have’ been found to exhibit substa\tiai
activity in rabbit and human tissue (9, 10), yet relatively
little is known about this category of enzyme;‘ While there
does exist a creditable amount of knowledge ‘about certain
aldehyde reductases based almost solely 4on their physio-
logical 'role, there is .a comparanle‘ absence of specific
information on the metabolic reduction of keYone-containino:
compounds. What follows is a summary of the available
information on carbonyl reductases, with emphasis on ketone
reduction. Also provided‘is an overyiaw“of the mechanisms

o

involved during metabolic reduction.



18

.

3.1.2“h1dehyde'and Ketone Reductases

-

-

vcontaining c0mpounds is catalyzed by ‘a rather.diverse group

g

of pyridine nucleotide-dependent enzymes located”‘in the.
cytoplasm of mammalian cells (11, 12) But‘while associated-

with.a~specific biochemical.function, this enzymic reaction

is undoubtedly representéd by a vast number of distinct
reductases which differ within various sytems. For the most

part, differentiation of carbonyl reductases has been

‘historically based on their substrate specificities and the
‘type' of ‘cofactor which served to \mediate the reaction.

Current reséarch, however, is expanding thelcategorizatiOn of

»

these enzymes with a greater emphasis being placed on their
physical properties (13, 14)

‘0f the information available about carbonyl reductases,
the ma jor portion without doubt has pertained to the alcohol
dehydrogenases (ADH) (15, 16), which are also referred.to as

either NAD-oxidoreductases or NADQIinked'aldehyde reductases

- (NAD~-A1R). While ADHs have diverse origins, mammalian tissue

comprises the most extensive source of this enzyme (17). of

the large number of different alcohol dehydrogenases, the

;most comprehensively studied has been the enzyme 1ocated in

horse liver (LADH),.. first isolated by Bonnichsen and Wassen,

(18) in 1948.

The term,  alcohol dehydrogenases, originally referred

to those NAD-dependent enzymes which exhibited a fairly broad

The metabolic reduction fofj aldehyde—'yor‘ kétone-‘
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-ﬁpecific.{ty towards. the A-.oxida*tifoh‘: .of alyiphatic prim&ry alco-
hols. ‘However, dehydregenases, as -do all carbonyl reduc-
tases, functlon as, oxidoreductases (12, 19). Thus, these .
1ehzymes'posses§ the digtinctive c?pabiiity of ﬁeaiating both
the reduction of cérbon;l groups to the corresponding
alcochols, as well as the reverse oxidation reaction (Fig. 1).
-T'he"li‘t'érant.ur.e' indicates however, that at equilibrium,
reductase¥catalyzed reactions definitely'favof formation of

the a'lcohol rather than the carbonyl.COmpound' (12).

~ FIGURE 1. Schematic representation of the metabollc interconversion
between carbonyl containing campounds and theu: corresponding alcohols,

as mediated by an oxidoreductase mzyne &
R . . OXIDOREDUCTASE
R . N
< ﬁ—c’“- + NAD'
R,R'=ARYL, ALKYL ' . R’

Any existing function for alcohol dehydrogenases in the
drug metabolism process is, at present, unclear- Few corln.-’
pounds which could be classified as xénobiotics are known
su_batrﬁtes ‘for LADH. One notable exception to this general-

ization is the ability to0 ' catalyze re‘versibly the
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interconversion of cyclohexanone and cyclohexanol (24. 25)

-

-Alcohol dehydrogenases appear to be restricted to a more

.,:PhY$i°1ogical role,. reagting‘preferentially»with~endogehous'

substrates,';suchv ué'hshort- chain aliphatio aldehydes,_,
m-bydroxylated fatty acidsr and various keto-steroids (20-"
23). )

‘ A group of enzymes sihilqr to ADHs in that they.médfhte

the reversible reduction of aldehydes hive also been isolated

from mammalian tissue (26?30). "These reductases are distinct

froW the prev1ously described NAD linked dehydrogenases in-

that they can only utilize NADP as cofactor. Furthermore,
the‘fspecificity' of .these‘ aldehyde reductases (NADP—AlR)
included not only various expected physiological compounds as
substrates, but also a number of xenobiotic aromatic aﬁd
aliphatic aldehydes (9, 10, ' 36, 38,_40),, In many instances
these enzymes could be isolated.in'highly purified forms for
testing, which demonstrated that more than one distinct &ind
of NADP-AlR could be found in a single type of mammalian

tissue '(26, 31-35, 38, 40, 41). As was noted with the

‘elcohol dehydrogenases, NADP - 1inked AlRs were also generally

inactive toward ketones.
KeégﬁeVreductases, elthough related in function to the

aromatic-aliphatic aldehyde‘ reduotases_.and the classical

alcohol dehydrogenases, have been shown to exist as a quite

distinct c¢lass of enzymes. Unfortunately, lack of specifi;

information has precluded definitive characterization of
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these ketone reductases as a'group.‘ Very few enzymes re-
gponsible for this reaction have been isolated in spite of an
increasing effort made towards investigating the reduction of
xenobiotic ketones. Culp and McMahon (42) were able to
partially. purify"an' NADP-linked‘ aromatic‘ aldéhyde-ketone
reductase from rabbit kidney'cortex. Hovever, they did not
examine any of its physical properties: based_on its rather
weak ketone specificity when compared to its capacity to
reduce aldehydes, it was doubtful whether this enzyme was in

fact any different from the typical aldehyde reductases

described earlier. Several other aromatic aldehyde-ketonei

8

reductases have also been reportedly isolated from various
species and characterized (28, 35,; 36, 40), although no
clear-cut classification of these enzymes‘could be made. Any
proper classification was complicated because of the broad
substrate specificities denonstrated ’by .these reduCtases,>
which were found to:0ver1ap those of previously.described

NADP-linked mammalian AlRs (26, 31-34).. For those aldehyde—i
ketone reductases which have been evaluated with xenobiotics,

the activity towards ketones was relatively insignificant.

The single confirmed example of a specific ketone
reductase was reported by Fraser‘et al. (43). They described
an NADP-dependent enzyme isolated from dog er?throcytes and
numan liver whicn catalyzed the reduction of only
a, —unsaturated, ketones. Although most, but not all of the

v

a, B —unsaturated ketones tested were reduced, none of the

n
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‘ghydroxylation required NADP+ molecular oxygen and both “the .

'3saturated aldehydes ‘or ketones examined was an  active

¢

substrate, even though several of these compounds were shown

7_to be reduced by some of the previously described reductases

(ADH, NAD-AlR wmp—am) B

3

3.1.3 - Role of RADPH and NADH in the Drug Hetabolism Process
" 3.1.3.1 . Hicrosomal o:idation ;;-5"

’3 1 .3, 1. 1 NADPH/NADH in Reconstituted anyme Systems

The function of NADPH as . a donor .of the reducing

'wequivalents (electrons, hydrogen) required durlng the miero-

- ‘
,somal oxidization of steroids, drugs, and other xenobiotics,
has beéen thoroughly documented (44 49). Mueller and Milier

.‘(50,'_51) originally demonstrated that in vitro metabolicv

’ndcrosomal and soluble fractions of 1iver homogenate. 'Later.'

Brodie et al. (52) showed that oxidative activity actually

. tesided in the microsomal fraction, and the requirement foi'
.the‘soluble fraction could be replaced by either adding NADPHl‘
directly or by adq,ition' of - an  NADPH-generating “system .

consisting ° of N NADP+. glucose~6-phosphate, ﬁg**‘ Jand |

'glucose-é-phosphate dehydrogenase. By requiring both oxygen

and af‘reducing ‘agent for the~ metabolic reaction, thef
'catalyzing enzyme was classified as a mixed function oxidase
(MFO) or monooxygenase (53). S j‘ v ‘ ,

| Besides establishing the function_ of NADPH, thesef

'initial investigations indicated a possible role for NADH as

e

\ . . R . . . . '\

-
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well (51, 354').; While not - confirmed until later (55-57), the
investigators were essentially correct in prpposing that NADH
could similarly serve 'as an 'electron donor in the NADPH-

linked MFO . system (Fig. 2) But .even . though iti was

',demonstrated that NADPH, which was 'originally 'considered

absolutely necessary for microsomal ,oxidation, could be

replaced with NADH, of the two cofactors NADPHG was the
N . . % ﬂ

significantly morev‘%fficient electron donor,-j44 54)

.Substitution of*NADPH with NADH as the sole electron source

effectively reduced the rate of’ product formation by 80~ 90%
(58-71). . ﬁ*r . .
+ . Microsomal: Oxidatioa is a two electron process which5

operates through a pair of interacting electron transport

. chain systemswwhich are linked with the cytochrome'— P450

' reduction-oxidation cycle (Fig.~2) The first,  am - NADPH-

.R\

linked system (72 74), sgpplies one electron“to reduce the
oxidized cytochrome - P450 substrate complex (Pg5o**++-sH). |

This first electron is. deriVed almost exclusively from NADPH
(75, 76) The second transport mechanism is an NADH linked
Bystem (77, 78) involved in- the reduction of’ the oxygenated-
reduced cytochrome P450- substrate complex (02-P450++-5H), |
thnough which a second electron is transferred via cytochrome
b5. While ‘this second transport system is able to receive a

reducing equivalent from NADQH when it is the only available

'donor (79. 80), NADH appears to be the preferred donor of the
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second electrOn when" both pyridine nucleotides are available ,

(63-65, 68, 81, 82). . .

3.1:3. 1 2 NADH-Synergian ' _- L o P

‘ Mueller. and Miller (51) were first to recognize that
NADPH- catalyzed microsomal oxidation reactions could be
substang.ally eqhanced by the concurrent addition of NADH.
In some instances the increase exceeded the additive effects
of the actions of the two cofactors. It has since been
demonstra-ted that with the availability of "'both cofactors,
reaction rates could be 30- 100% ‘higher compared to when NADPH_
was the only coenzyme (58, 59, 60 68, 71) Reasons initially
' proposed to explain this observation were rapidly dismissed
| (60, 64, 81). These included a) the conversion (transhydro—b
genation) of NADH to NADPH, and b) the suggestion that NADH
prevented NADPH fromi being utilized in various competing
reactions. It was eventually proposed by Cohen and Estabrook
(60) that the synergistic effect was in fact due to a co-
operative interaction wh’ich existed between the two micro-
'somal electron transfer.chains.- ~ This inteéraction, involving
cy"tochr»ome—P45o and - cytochrome b5, made it possible‘
ito utilize NADH more efficiently during oxidative reactions
(57,). Correia and Mannering (63-65) supported this concept
by proposing that NADH is a better source of the second

electron t}an NADPH, and’ provided a larger pool of electrons
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d ‘\ at cytochrome bs. ‘ Subsequent studign confirmed 'this -
K\theory (68, 8l1). The exact details concerning the transport o
-Ef electrons and of NADH-synergism are still far from being

completely understood.

2.1.3.2 Cytoplasmic Carbonyl Reduction . .
2.1.3.2.1 Mechanism of Hydride Transfer '
9, 'In general, very little direct information is available
on the ke;one- reductasea. | It ;s possible howevo:, .for,
certain conclusiona to be drawn abont the mechanisms bf which
‘ﬁhey function,A based on their similatities with the more
extensively studied liver alcohol dehydrogenases (LADH).
~ Early investigators of the ADH catalyzed onidation‘of

etﬁanol. to acetaldehydo (Fig. 5) _tonded to look upon ﬁhe
mechanism of this_teaction in the same manner in which they
viewed mixed funotion oxidative reactions; that is, oolely in
terms of electron transfer (83). _AnyAloao or gain of hydro-
geno which wao .demonst;gted by the stoichiometry was tﬁought
to occur through an exchange witﬁ; the -i':,rro\mdin;; medium.
It was, thefofore, significant when Vennesland and Westheimer
(83). using isotopically iabeled NADH (NADD), founa that
dufing enzymic reactions mediated by LADH complete transfer
of deuterium from NADD to the oxidized cubatrate occurrod (or
from the reduced subut;ate to the oxidized :cochtor)v

(Fig. 4). Tho resulting alcohol contained one atom of
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FIGURE 3. NAD-linked alcohol dehydrogmase mediated
: acetalde.hyde and ethanol.

1
ACETALDEHYDE R
NADH
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interconversion of
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deyterium in the methylene group.. The ~same reaction, but

FIGURE 4. uetabquc interconversion of acetaldehyde and ethanol in the

of deuterium labeled NADI (NADD) [Adapted from Vennesland and
Westhe%r (83)] 4 .

CH,CHO + NADD + W' —

CH,CHDOH + . NAD®

with nondeuterated-NADH was carried out in D20 (Fig. 5).

The direct tranéfervof the hydrogen from NADH was confirmed

FIGURE 5. Metabolic reduction of acetaldehyde in the presence of '

- deuterium labeled H20 (D 0) [Adapted from Vennesland and
Westheimer (83)]

A a - ‘ S . uou/Dz_O_
CH,CHO .7 - NADH + H' o=——x

& " .
CH;CH,0H =~ -+ NAD'
when the product alcohol was fbund to contain no deuterium.

This ruled out any pooaibility that- ~the hydrogen atoma

introduced 1nto the product were derived from the surrounding

- aqueous medium.
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The _reduction of a carbonylk compound' to an alcohol
requires the equivalent of two hydrogen ‘atoms. Thg mechanism.
- by which this reaction‘occurs involves the addiﬁion of a
hyd;ide ion (H™) and a :p;oton. (gt+)° (19). - ' The reduced
_pyridine‘nucléotide'(NADPH/NADH)'serves as the source of the
hydride ion (Fig. 3), but the. origln of the proton in the
équilibrium reaction has yet to be resolved. Schellenberg‘
(84) suggested that this proton could ariseofrom appropriate
functional groups on the enzyme. Through specifitc interad/
‘tions 'betweén protein and substrate, it was possible to
activate the carbonyl by either -direct~ protonation, -or
alternatively thrdugh hydrogen bonding Qith a pfoﬁonatgd
group on the enzyme (Fig. 6A). 'As a result of this prior
protonation of the qarbonyl oxygen, the..pfotonated species
(R2C=OH+) is more susceptible to a 'nucleophilic attack
than the non—protonated Xetone (ch=0) The'nucledphilé is
the hydride ion (H-) from NADH, which does not have to
OCOmpgge with protons (HY) from the ‘surrounding water:. . Based

on this Rroposed mechanism, Schellenberg was able to ex@lain

why no excRange of protons with the medium occurred ddring
epzymic redudtion. In-comparison, ﬁransfer of the hydride ion
directly “to t

r

the incorporatio of a proton from Hzo (Fxg. 68)

carbonyl ‘carbon of ‘RC=0 would result in

w3 ~



FIGURE 6. ‘;Plausible mechanisms ‘for the metabolic reduction of carbonyl-~
con campounds:  A) nucleophilic addition following protonation

oftme aﬂxxud cxw;zxthnmxﬁlépanflcczuwme substrate interactions;
B) direct nucleophilic aiﬁtﬂ:xwiﬂtnm:prunrpmou:ununn of the oxygen.

[Adapted from Schellenberg (84)1].

ENZYME
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31

¢
3.1.3.2.2 Structurel and l’unctionel »Relationehip of

mpa/mDB o | .
3.1.3.2.2.1 The Structure of Pyridine Cofactors as Pertains
to Active Site |

Considerable effort has been devoted to elucidating the

structure&mgtion relatiopahip of the cofectors (NADP»H/NADH)

\\\'

-utilized during enzyme mediated cerbonyl reductions. Karrer
et al. (85), ueing N-methylnicotinemide ‘enaloge as model

compounds fo,x: %ﬁ (P;l,g. 7A7), . or{.ginelly prOposed that

....c"'

reduction of NAD"‘ &:czu -;_ed at the pyridine _miety

“ e om ¥
the positions ortho to th*e nigrogen atom.. (Pig. 1B) %
" -~
o

b
claim was further supported by Knox and Grossman (86 %

oneg of '

suggested that the reduced‘ cofactor"'wes the ‘1.6-dihydro

derivative. It was not untill Pullman e‘ié:;hl'.‘ (87-89) cerried‘ '
out a comprehensive series of enzymic and chemical reactions
that the _g_gil’_xc_: and meta positions on the pyridine ring were
eiiminated as poseiple active sites. 'i‘hie provided the first
indication that the transfer of ,hydrogen actuelly occurr;a at
the p&'(c-li) position of the nicotinamide ring. Pullman' |
and coworkers concluded thet the reduced cofactor, NADH, was °
probebly a 1,4-dihydropyridine compound (Eig. 7C). This
proposal was corroborated by Loewus et al. (90, 91) who f'oux“:d.‘l_“.
that when the NJ}.DH used in an ADH catalyzed reduction was
eubatituted with either 2-, 3-, or 4-monodeuterated NADH,

~

only in the presence of the 4-deuterio—NADH did the resulting

pyridine product contain deuterium. nequivocal evidence

.~



32
&

that the C-4 position of the pyridine r-in'g. was. indeed the

site of active hydrogen transfer was submitted by Dubb et al

(92)- and Hutton and ‘Westheimer (93) - who employed NMR

techniques to confirm Pullman's earlier conclusion.

. : -~

~—
. \‘

\

\ .

FIGURE 7. Proposed _si_tés of hydrogen transfer occurring at the pyridine ‘

moiety of associated ‘coenzymes during oxidoreductase mediated reactions: .

AWPoxidized form of coenzymes and analogs; N-methylnicotinamide, R = CH,;
. NADP, R = see Fig. 3; NADP, R = see Fig. 3. B) ortho- or 1,6-dihydro

reduced form. C) para- or 1,4-dihydro reduced form. o

L}
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3.1;3.2.2&2 Stereoohemiatry‘of RAbPB/NADH' ‘. - '
Because of the pPresence, of the carboxamide group, the-
two hydrogens para to the pyridyl nitrogen of the reduced
nicotinamide moiety are not enzymatically equivalent. Thus,
when NADP/NAD binds to an enzyme. only one side is able to
donate (or receive) the transferred hydrogen. Recognired as
enan?iotopic, theee hydrogens were arbitrarily designated* as

HA’”(a—hydrogen)< and Hp (B-hydrogen) (Fig. 8), although

ot

< -

FIGURE 8. Stereochemical representatmon of the reduced nicotinamide
moiety of NADPH/NADH. (R = see Fig. 3). ‘

-H, ( B-HYDROGEN ) .

CONHz : -

( a-HYDROGEN ) H,

7 - R

the meaning of the A and B, faces of the nicotinamide moiety-
in terns of absolute configuration was not deduced until
years later. Corhforth et al. (94, 95) devised a method'for
the chémical degradation of NADH in which positione 4 and. BL”‘
could be isolated as succinic acids without affecting the
stereochemistry of the two hydrogens at position 4 (Fig. 9).

Subsequently, this se%uenee of reactions was applied to C-4

monodeuterated cofactors and the resulting monodeuterio
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FIGURE 9. Degradat.xon of the 1 4-d.1hydromcotmam:.de molety to succinic
acid with retention of the stereochem:.stry of the two_hydrogens at the
position para to the pyridyl- nitroge#t.: The method is equally applicable
to 1, 4-dmydm-l-nethylmcot1namide (R™= CH,) and to reduced. nig:tinmde
adenine dinucleotide coenzymes (NADPH, NADH: R = see Flg, 3). [Ad@pted

from Cornforth et al (94, 95). KT
. 5
Ha o H “Ha. I T Ha H,
B CONH, CONH, CONH,
— X l - |
N ' SN ¥eo ‘ N -
| | CHO
R R R
o,lcu,coou
- %
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sutcinic acids derived from the A-deuterio " and B-deuterio

NADH compounds were found to correspond to the R and §

configurations, respectively. As a deuterium at the a posi-

o

tion ‘resulted in the R- isomer,, the hydrogen Hp was labeled

as the pro-R hydrogen. By the same reasoning Hp. was tagged
the pro-S hydrogen. Nakamoto and Vennesland (96) have since

shown that the pro-R and pro~S sides of NADH correlate to .the -

~
)

stereochemistry of that found with NADPH. miejére, all
rules which'p'ertain to NADH,' generally apply to NADPH as

well.

03 - ®

" The hydrogen sﬁereospecificities of carbonyl reducf.eses
have been studied for a number Of aldehyde reductases and
closely“ relatéd enzymes. Even prior toc confirmation of the
absolute configuration -o‘f‘ NADPH/NADH, it was proposed that
these enzymes acted in a stereochemical manner by activating
preferentially either one of the - -hydrogens on the reduced\
cofactor. Venneslgndaand Westheimer (86) reported that ADH
utilized the Hp si}E pf NADH when converting acetaldehyde

to ethanol. Examinations of other dehydrogenases demonatrat-

ed a similar stereospecificity, »regardless of whethervNADH,

Y

NADPH or both; co-égnzymes were utilized (97, 98). ‘Those de-

hydrogenases ich had the same cofactor specificity as did
9‘4\ .

ADH became knowr; as A-side specific, whereas those with the

o

2 7

v- :



A
oppbsite stereospecificity,Awere htermed'.stide specific:
enzymes.. | o H ‘ 7 |
' In contrast to the A-specificity of alcohol dehydrogen-”
“»‘ases (99) and aldehyde reductases (29, 41), the majority of'
ketone reductases demonstrated ar B-gide (pro-s) stereo-

specificity.. Culp and McMahon (42) studied the reduction ofr

Efchlorobenzaldehyde with a partially purified varomatic o

-

_ aldehyde-ketone reductase, isolated from rabbit kidney._“By

nmking use of tritiated NADH (NADT). it\was-clearly shown-‘

‘that this isolated reductase utiiized the 'B-hydrogen‘i S

a -
Felsted et al. (100) examined the cofactor specificity of_{

several ‘rabbit: liver carbonyl re@uctases ‘and found that theo"'

"' - [

‘h enzymes which reduced daunorubicin, metyrapone, andqoxisuran,‘

-allo displayed .B side specificity.- . One ,exception 'was -
. dihYdromorphine li'reductase, y"which_'; was e -hydrogen_
lstereospecific. v

Q R .
_h.' N . . v

‘3. 1 3. 2 3 Stereodhemistry of the Products of Reduction
.The transfer ‘of . hydrogen which _accompanies 'the_
reversible reduction of carbonyl c0mpounds has been shown to

) be stereospecific not only with respect to cofactor, but with

't',regard; to substrate as well. Using R- ‘and S l-D—ethanol,

%“;Loewus et al. (90) demonstrated only one specific hydrogeni

r .
.atom was always transferred from substrate to coenzyme by ADH -

(Fig. 10) In just the opposite manner, Levy et al. (101) .~

N~ S S
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FIGURE 10 Scheme of t.he stereospeciflc t.ransfer of hydrci_:yaa (deute.nmn,

- D) betweern. cofactor and substrate during the metabolic oxidation of .
“alcohols {or reduction of carbonyl containing ecnpoxmds ). [Adapted
from Loewus et aZ (90 91) and Levy et aZ (lOl)] .

‘. * ' + ) NA’ | "‘Ln‘pu_. .. c ,’ . + NADD +
D cu, LA j.‘_, TR NG W
s-1-g;mmxjam‘ ) 9} ‘_ : -

: ‘ T U | EEES SRR
‘\ + NAD": = € '+ NADH + H*
3 o " .- e .

N CH,

O
\

" R-1-D~ETHANGL

:and Loewus (91) obse:ved that l-D-ethanol produced by enzymlc -

reduction could only be isolated ‘as the S~ isomer.. : Alcohol
B

dehydrogenases are not unique in exhibitinc stereospecificity S

‘ -towards the substrate. ’rhere are several examples of ketone-—""ﬂ_ Lo

4'C0ntaining Compounds undergoing stereoeelective B reduction,‘.’»':

‘both in vivo and dn vitro. Smit.h et al. (162) reported that ;

";,:_;,a number of arylalkylketones orally administered to rabbits'

,-"-“were, asymetrically redlmed to the: corresponding alcohols..: -

}Recovered as the glucuronide conjugates. a;;_ the alcohols



were 'shown:'to~.be exclusively the S-isomers (Table 1).
Severalm:wdicinally important compounds possessing a ketone
-.group have also begn reported to be reduced stereoselective1y~l
',in vivo. . Lewis et al. (103) examined the metabolic ‘fate oé.:-
Warfarin, an oral anticoagulant,.in~many Both the R- and S- '
isomers were reduced almost entirely to the corresponding s-
alcohols (§§f and SS-diastereoisomers of warfarin alcohol
respectively) (Table 1).. Other ketone-containing drugs
" obgerved to be asymmetrically reduced include oxisuran (104,
105), methadone (106), diethylpropion (107),‘and_na1trexone&;“
(108%??&\“"' .~ | - | -
- } Beckett,’ Testa; Ana ’Mihailova (169-111) ﬁexamined' in
detail the carbonyl reduction of the anorexic agent, diethyl~
"propion, and related amino—ketones in man. They demonstrated
that the stereochemistry of the products ‘was influenced by
the configuration of the groups adjacent téﬁ}the carbonyl}-
‘moiety, as well as the relative size of these, groups. A
summary description of the extent to whioh;product stereo—
“selectivity occurred w1th tﬁe substrates. tested (§,§7
diethYlpropion, N-ethylpropion,‘ propion) is provided 'in
Table 1. The effect .oh reduction caused by the nature of the
groups attached to the carbonyl moiety was investigated
in detail earlier by Prelog and coworkers (112 117). These
studies resulted in a method by which the stereochemistry of
carbinols produced by-metabolic reduction could be‘predicted.
-gv'gy determining the‘absolute configuration of a’ia;gejnumber

. . Lo
L § . “
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TABLE 1. Stereoselectivity of the Metabolic Reduction of Various
Ketone Containing Compounds. - _ ‘
<
: PREDICTED ACTUAL
COMPOUND CONFIGURATION = CONFIGURATION
[ — _ 1 - 5. OF PRODUCT OF PRODUCT
STRUCTURE ‘NAME SPECIES™ ENZYME™  ALCOHOL ALCOHOL (REF..)
D "R .
: O SR ACETOPHENONE. B aTIC T 68 57200 R i
y . JRd In.vrve § 1008 5 102
'ACﬂZCMa . PROPIOPHENONE Rb I vIVO. s 1pon 5 .102
CHaCH CHy SUTOPHENONE M mvmo s - 2000 102
? R
O\m,’_c\k B3 PHENTLACETONE 0 Imvovo s 1008 5 102
CH Oy 1-PHENYL-2-BUTAWONE  Rb 1B ¥IWO ) 1008 5 102
=%
~ sclnzﬂ\na
\.. &,
ROm
ChptHy  CHyCHy NN-DIETHYLPROPION W IN ¥IVO s " 801 57200 2 106
CHptHy W N-ETHYLPROPION . ™ o s 668 S/MN R 109
W H PROP1ON W movmvwo . . 15% /858 7 109
o
CHC '—-c;c“, i by
_ - . b ks KR - . N B
: S lsqcl wmxn R F“»"' C'w. o s TV S/200 A slo
o L s S S/43 B s10
” .R.«- ISOMER . AN - s 850 57150 2 103
' R W ovvo 5 . SN0 A 103
X T . - .. —
1 . S e . ’ v
Rb '= RABBIT, Mn = MAN, R RAT -

2-S

SINISTER, R

T

n
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. of alcohols obtained by microbially-mediated reductions,
‘Baumann and Prelog (113) observed that the product stereo—L
' specificity of the reaction could be represented by the

“simple scheme illustrated in Figure 11. In this figu-re,'L~

\\ FIGURE 11. Prelog’ é Rule for Preferred StereospeCific Reducticn,
( L = large group; s = small group). [Adapted from Baumann and-
PrelOg 1]

“%

L}

(large) and ) (small) represent respectivehy, a_bulky and a
small group adjacent to the carbonyl moiety.. It was
- postulated that if the ‘ketone is positioned so that the
larger substityent - is placed on the left,'>reduction
»predominately-occurs such‘that the resultant hYdroxyl group
rises ahove the plane ofvthe;molecule. This principle.was
reinforced further by others (111, 1l8, 119), although;'
'estimatiéns of the relative sizes of the groups bordering the
'ketone are for the npst part made;solely on the basis of.

empirical observations..
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By applyin§ the above formula; the enantioselectivity'
'of/ the mammalian reduction of various‘ ketones could be
rationaliaed._(fable 1). . Observed configurations of the
resultant‘alcohols'generally conformed to that predicted by
_PfelOg'sARule. Although the in vitro reduction o? S—warfarin
by rat liver ‘eytosol occurred with a lesse;.degree of stereo-
selectivity than would otherwise be expected, the configura~
tion of the alcohol isomer produced‘in_slight excess, was
qualitatively correct.

' »

3.1.4 The Punction of Carbonyl Reductases '
3.1.4.1 Physiological Role of Reductasea’ o -
Although carbonyl reductases are abundant’in mammalian
tissue, their exact "in vivo functions‘are mainly unclear.
With alcohol dehydrogenases (ADH) and aldehyde reductases
,(AlR) their role is perhaps predOminately in the maintenance
of normal cellular physiology (13, 36, 100, 120—123). _Mohﬁ#
reductases- hHave been shown to demonstrate some reduction :

i

potential beyond that of -an endogenous rale (i e.. the ~
capacity to reduce simple compounds not associated with a
biochemical function), but very few drugs have actually been

found which are actively reduced ‘by these reducta

‘suggests that ADHs and Ale ponsess functions too ‘
nature to serve as drug-metabolizing enzymes. In| contrast,
ketone'reductases are generally regarded as non-specific in

their action. This is based'on'the'extensive ketone reduc-

o o @\
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tase activity found in nwst mammals (10, 12) and

bility of ketone reductases to react readily with aldehyde gub~-
strates as well as ketone compounds:(lB, 84, 100) » Identifiirf
cation of ‘a ' more conclusive role for the ketone reductases\
other than xenobiotic metabolism awaits further studies with

ES
+

purified enzymes.

3.1.4.2 Pharmacological Influence of Reductases Upon
Administered Drugs y'

In contrast to a drug Vundergoingi metabolic okidation )
“with the elimination of pharmacolbgical activity being the
most frequent consequence, the conversion of kétoneu»contain—
ing. drugs to alcohol metabolites usually‘ results in ‘the
retention of pharmacological act1v1ty.‘ In many instances it is
the alcohol-containing metabolite which actually provxdes the
quired response. Sullivan et als (106) found, for example,
that most of the analgesic activity demonstrated by methadone_
could be attributed to the enzymaticaily produced alcohol meta-‘
bolites a- l-methadol ‘and " a- -N—-demethylmethadol. Di Carlo et
al. (104) suggested that the immunosuppre381ve effect of oxi—
suran was due, in.part, to its reduction to oxisuran alcohol.
"Animals that readily metabolized oxisuran to ~the alcohol
demonstrated significantly prolonged survival times of skin
grafts when compared to animals that produced less oxisuranol.

Several otherv examples of pharmacologically active alcohol'
. ;o : ‘
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metabolites have also been reported. Roéring et al. (124)
showed that 6- B-naltrexol and 6- B-naloxol cantributed to the ‘
action of the parent compounds.‘-naltrexone .and naloxonef
respectively,' and Hoffman and Bachur (125) noted that
daunorubicin aloOhol. not ‘onlyi posgéégea the sarie cytotoxio
activity as ite.parent, but had a 1onger plasma and urinary
_ half-life ae well. An increaee in half—life with’ retention
of “aotivity was eimilarly obseryed with the redpced%
metabolite of metyrapone’(126)f;—bnly with the reductionuof
warfarin was a loss in pharmacological action noted (103)
Metabolism of either R— or S-warfarin to the corresponding
alcohols resulted in 'producte‘ 'whicn ’_had vonly_ _weak'

anticoagulant activity.
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3. 2 MM%TIC DRUG BIOTRAHSFORHATIOﬁ AND THE ANALYSIS O!’

TRACB METABOLITES

3. 2 1 Introduction . -

Research into the cdmblex natqre ‘of hépatié' drug
'metabolizing, en;zymes has beeh making steady advancement, _but .
while the 1iye’r is .the' pri@ary site for biotransformation of
most xenobiotics, it is not the only site._,;}f;Dependiné-'on the
properties of the dru-g.‘ its routé of admihi;trgtidn, and its i
distribution in tissue, metﬁboliam may occur in hon—hei:&t’ic"
tissue as well. Indeed, many extrahepatic organs inéludihg
kidnéy; lung, sklin, 'placenta, gaﬁtro—_intest'inal‘ traét. brain
and ‘blood. have been fdup_d' to contain . féciive'
drug o | metabolizing systems. In m‘any\instavmces,, the
' enzyme system g:,loselly‘resemblsa that observed in the hepatic
4a'ystem, but in other cases, significant differences do exist.

Furthermore, numerous studies have reported that certain

enzyme activj.tiesv_ jin various nén;hepatic tissues are equal
to, or gfeater than that found in hepatic tissde '(127'-];_31)
although v,t‘h_e comparably larger size o_f/ the liv'e"r‘ makes it
ove‘rall a much more efficient di’u'g xﬁetabolizing system. : 'Yet
de-pito the many 1ntereating aspects of mataboliom in tusue
other than hcpatic . the pharmacological oignificancc of
these rrocesses has only been mrginally examined. Only a
few Jeneral reviews on extrahepatic ‘metabolism have been

published (132-134), as well as a_e.verai recent papers on
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pulmorary (127, 135) 'and‘ kidney (127) metabolism, and |
biotransformation in the skin (136). | |
| Probably‘the major obstacle to metabolism studies of
extrahepatic . tissue Thas been tne .lack of - adeguate
experimental procedures wﬁich permit a distinction between
metabolism occurring in vivo in specific non-hepatic tissues,
and that arising from biotransformations bybliver enzymes..
For this reason the vast majority of investigations have

utilized broken cell tissue preparations, making it difficult

to properly interpret the role of non-hepatic enzyme systems.

xStill, by means of isolated organ perfusion studies (137-139)

when possible, and by the adaption of " tissue culture
‘methodology to cells other than hepatocytes (3, 5, 140-142),
the contribution of various enzyme systems to the overall'

r

fate of xenobiotics in ‘the body is slowly being evaluated.

-

. . * g
3.2.2 Role of th;ahepatic Drug Metabolism

Although non—hepatic metabolism of xenobiotics may not
;be significantly notable in all phases of drug_disposition,'
it can”substantially alggr the biological fate and,effects of
drugs. ‘But while these systems doinot usually contribute
’mark§dly to the elimindtion of drugs by converting them to
- more water-soluble compounds, the observation that diverse
tissue types possess the capability to metabolize xenobiotics

“suggests a possible physiologica1~rolejfor the actiyity.
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Among the more actiVe non-hepatic tissues are those

associated with~ the introduction or elimination ofl

‘xenobiotics, these, tissues include skin, lung, gastro-

intestinal tract and kidney. Because of this, the most

"commonly accepted explanation for the process of extrahepatic

metabolism is that it evolved as part. of the body defense

mechanism against natural xenobiotics and as-such, is more

extensive: at sites of entry - into the ©body (134),

Furthermore,.'as such contact with 'environmental foreign
compounds is generally under chronic conditions in which only
trace amounts are involved, this accounts for the relatively
low 5£tabolizing capaci:y of these tissues. : The role of

extrahepatic biotransformat:.onﬂ becomes of increased

'importance by the suggestion that 90% of all cancers may be

of enVironmental origin (143, 144), and that highly reactive

and potentially toxic intermediates are: the result of the

- conversion of these compounds toO more pplar oxidative metabo-

lites (145). This explanation does not however, account for

metabolism occurring in. such tissues as adrenals, testes or
»

brain.' In these instances, the processlzm -possibly a physio-
logical role, but of sufficiently low substrate specific1ty,
to allow for reaction with 'various related rexogenous
compounds (134) It is'vorth considering,however,'that the

I : : ' N
actual function of -extrahepatic metabolism is situated

between these two‘éossibilities.

<
™,

. N



' 3.2;2.1 Metabolism of Druga‘by'Braiff Tisaue

Recently there has "been v‘.a'_ significant interest in
examining the accumdlation of ,various_ ‘drugs in 'ce_rrebral‘
tissue. - This.interest ‘has arisen in particular, since, in
many instances certain drugs' and/orv their meta‘bolites have'
been found to exertAsome pharma'cological effects within the
brain region. Therefore, if brain tissye does metabolizL
'xenobiotics," this capability might be best described as a
localized process for the activation, alteration, or termina'
tion of pharmacological activity. ] Although 'the brain.
.exhibits only a very weak degree of metabolism compared to’
the hepatic system, various examples of drug biotransforma-

tions have been found (Table 2) (132).

3.2.é.l.l Amphetamine: The Relationship'. Between Hetabolism
and Rea‘ponse |

'I'here is considerable information available regarding
-the ability of amphetamines to alter the behavioural patterns, _
of users. These changes and other pharmacologica,l actions
v‘ are believed to result from ,th'eir actions on the release and
,udre‘—dptal.ce of catecholamines ﬂx nerve terminals . in .varioﬁs
tissues, particularily in brain .(146-l49). Fisher et al.

(150) was the first to suggest that the metabolites

N R VO P,
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TABLE 2. Metabolicneacumsoetectedinmajn'nssue [Adapted from - -
Gorred. (132) ). _ B

... METABOLIC PATHWAY

L

IN VITRO

DEACETYLATION
mimmmncn' _
RING HYDROXYLATION
N-OXIDATION

S-OXIDATION =,

ISOLATED PERFUSED BRAIN IN SITU

GLUCURONIDATION

* SUBSTRATE

: E_-Hydroxy—z-fliioreraylacetatnide

Thiopental
p—Nitrobenzoic aéid

‘N—Hydmcyhz-fl\nrenylacetamlde

Amphetamine, N—n—Butylanllme -

4-Amincantipyrine
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et 'al. -(150)'+dhs first to suggest that the' metabolites S
/ L .
p—-hydroxyamphetamine and pfhydroxynorephedrine may have an

important ‘role in causing the depletion of norepinephrine.

_ Numerous investigators have since attempted to determine"

Whether, and to what extent, the metabolites of amphetamine

. contribute to the response produced by the parent compound'

(147 . 148, 151 153) In .at ‘least one' species ~(rat)

\

considerabile effort’ has been made in quantitating the

accumulation of  these metabolites in various brain regions

transmitters have’ been implicated by collaboration of in vivo

(147, 148, 155, 164- 170) and in vitro 1147. 154, 171-174)

investigations.; As with the uptake of dopamine (155, 172)

v e

‘both”nmtabolites are stored.in noradnénergic nerve terminals‘

where they displace nprepinephrine. As a result it appears

that the tlssue distribution of/these metabolites determines

the intensity of *the response to ‘an acute. dose-“o

s

amphetamine. - Furthermore, variations ‘in " the, metabolism"

pattern of amphetamine have been shown ‘to accur with chraonic

. , =
usage,‘resulting in.changes in.the,distribution-of its'acti

: = :_, : I ¢ . o\
metabolites. - These 'changés. -in ‘the disposition &f

‘p-hydroxyamphetamine ' and p-hydroxynorephedrine have beer

~

»

implicated in thp.bbservedafluctuation in,resppnsiveness'to

49

9 :
‘and other tissues ° following -administration/‘of amphetamine 0
(148, 154529y '."_..’,As a _result, the  Tole of oth
p—hyd}oxyamphetamine a pfhydroxynorephedrine ‘a8 false
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, amphetamine wh:lch devalopa duri'ng - chronic - administration -

'[f(155. 164-166, 169)’

S

3 2 3 Analya:la of 'rraco lletabolitaa :ln B:l.olog:lcal rln:l.dn
’ " An 1mportant techn:lquo utilizcd :I.n t.hc invcltigat:lon oft’ N

drug action n;echaxi;sms has baen the measurement of changca in

"'__thc chem:lcal compoaition of targot tissuc-. : 'rhua. the
';analylil of brain conatituentl aftcr drug admini-tration hasv'
"become an experimental. practice oxtonaivaly uaad :ln neuro—

. pharmacology.

o Various analytical procedures havo been published for‘ |

thc dotcrminat:l.on of. biogonic amines (cat.echolaminoa and |
tryptam:l.no or phcnylcthylaminc urclatcd compounda) in b:l.o-' |

i'_ logical samples,. wit{fh each of these procedures -having'

@

.adwmtageg '.-:’ and disadvantages dep\;\nding ‘on the:.r use.

- 5 ’Although moat analytical procodurca were dc\mloped primarily o

e ﬁor the measurement of catecholamipe concentra@ona in brain. '

tiasuc. thc fol].ow:lng aurvcy ot‘ aaaay mcthoda :IJ confined to '

thoae prooeduraa whioh havo bocn adaptcd to the analya:ls of

- g-hydroxyamphet.aminc and g-hydroxynorophadr:lne. ,-For exanxplc.:_'

j‘early 1nvest1gatorc obtainad thcir \rcault- b‘y apectrophoto-

R metric detaction after the convcrlion of phcnolic mtabol:lta-

4

v',to fluoruccnt :I.ndole dcrivativu (175-177): anothar cxamplc_‘!'

";'being t.he oxidation of g-hydroxynoraphadrinc to p—hydroxy. "} -

5 fbenzaldehyda (151. 176) Howevcr. bccaunc of ‘the axtrcmoly. .

| sma11 quantit:lu of mctaboliteu precent 1n tinne, detoct,ion -

at. tracc lovola wal ot primary importancc. l"or, .thi- r.eaa.on-. .
4 0 . N e BT - N oL ) |
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most investigations have since relied ‘on the’ ‘use: of tritium

llabeled -amphetamine (148 149 151 152 154 157 161 163,

"'f178, 179).? But besides being technically -more complex andv"

‘relatively non-specific,u-the .major drawback with these

,,

‘-radiolabeled assays. is’ the high poss1bility of tritium“’”

2

'fexchange with\tissue water.‘ Groppetti and Costa (180) found.
'that bnly 10% of the resulting radioactivity ‘'was identified
with amphetamine and its_metabolites. The remaining tritium
'was assoc1ated with the biological water and various brain.L
~components.". This would lead to 'inaccurate results if'l
'quantitation was based solely on radioactivity measurements.'

Recently, the use of integrated 1on current mass spectrometryf"

fhas offered an alternative nethod which is both specific .and

vextremely sensitive. Utilizing this technique, Danielson and‘” )

coworkers ?159,, 160) were able to quantitate sub—nanogram

amounts of E—hydroxyamphetamfne in brain tissue : follow1ng

j;.its recovery by 1on exchange chromatography and formation of

! . the. dansylated derivative. Cattabeni et al. (158) described

a similar use .of mass fragmentography for the analy51s of thegb'

hydroxylated metabolites of amphetamine.'f ,Thev residueib-
'obtained after drying a small aliquot (50 100 ul) of aqueous -
'sample,-under a stream ‘of nitrogen 'was; reacted with-
B pentafluoropropionic anhydride (PFPA)' and the resulting_”
:.derivatives screened by selected ion monitoring (SIM). :bnb
this way Cattabeni et al.,’reported the measurement of pmol
':qUantities'.o B-hydroxynorephedrine ,ini tissu:' samples..'

8y

T
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Belvedere et al. . (181) and Simpson (182) also employedj
perfluoroacylated derivatives of the phenolic metabolites for
chromatographici analysis. but. Tutilized ;hgas liquidf
chromatography (GLC) with flectron-capture (EC) detection as'

»an 'alternative to the more_ expensive 'mass spectrometric'

: _methods.,_ Derivatives Were: prepared by extracting tthe

phenolic amines into an organic solvent following.saturation
of the aqueous sample with NaCl, and evaporating the organic
phase to dryness. * The ensuing organic residue was then
reacted with an’ excess of perfluoroacylating reagent. Bothvi
investigators reported that levels dowrn ‘to 50 pg of the,e
resultant derivatives -could ‘be: detected . when Ainjectedp

directly on-column (181, 182)

In these latter_ assay procedures mentioned above, -

' utilizing mass spectrometry (158 160) and. EC-GLC (181, 182),

“the ensitivity ‘of- the analyses compensated :for;;the”

inefficient recoveries of the amphoteric metabolites from
biological fluids. Recently, however, several investigators,'
have relied on the process of acylating these biogenic
amines. particularly phenylalkylamines, in situ in order to
facilitate their extraction and analysis (183.185). _This e

acylating procedure, achieved with acetic or propionic

-anhydride,.can proceed in an aqueous medium and results ini
the formation of stable, 1ipophilic derivatives (Fig. 12n).

?,'which are extracted into’ organic -solvents more eff1c1ently S

,‘\

‘ than the parent compounds.i S f - . S . e



FIGURE 12, Schene for the derivatizatim of p-tyranu.ne - A) aqueous 4

' acetylation; . R) triflmroaoetylatim in organic solvent.
( AA = acetic anhydride, TFAA = trifuoroacetic anhydride).
o . ) . N .' R . - ) i o

. Ho CH2CH2-N\. '
o =\ cocu,-"*
CH;,’COOV CH CH{N ' -
.B.. | . v‘ rs'n]('om. Soiv.)

Y U COCH f'
D\ B cocr3

j' Furthermore, the acylated derivatives of most biogenic amines

Apossess good chromatographic properties which permit their-

analysis by GLC.. Martin and Baker (183) furt};er reacted the"

acetylated compounds , w-ith | pe—rfluoroacylating -reagents, .

producing s‘tzable derivatives which also- possessed excellent
J

EC detection sensitivities (F'ig. 123) . Using this method "

vthey were able to routinely measure ‘ng concentrations of

.‘_biogenic amines in tissue samples.l_ Cristofo,li et al.,.- (186)'.

; 'have since been able to perform a’ one-step aqueous acylation/

o
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of ~phe-nol~ic priinary amines with pentafluorobenzoyl chloride

(PFB-Cl) and achieve similar results (Fig. 13) ' . ThlS was

: achleved by shaklng an aqueous sample of g—hydroxyamphetamlne

: 'wrth a mlxture of. pentafluorobenzoyl chlorlde 1n ethyl acetate/

aceton1tr11e,~9/1.

FIGURE 13 Denvatlzatlm scheme for the aqueous pentafluombmzoyl- a
ata.orn of p—hydroxyanphetaxm.ne ( PFBClL = pentafwrobenzoyl chlonde ).

. .~> g . . ' ‘. ! . . ) ’ CH3
o ‘ o S ,H

-.'-nu_-c!"l(gqm., : L T T
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)
3.3 Isom'mn pmcinm aspa'rocnss AS AN IN vrmo DRUG -
' umasomsu uomn.

e

| 3.3.1 Introduction o &
| The increasing use of isolated mammalian cells, and if
‘ particular hepatocytes from mature animals, has contributed
.substantially to the understanding of cell physiology.
.Previous mention has been ‘made of the advantages of, jand also;
:the problems associated with thetme of i lated-liver.cells :
(see Section 1.1. 5 .2, l._ o _ .

Although hepatocytes predominate in both volume and
number, the liver contains various additional types of cells
within its intrinsic structure (Fig. 14) (187) rThe focus of

e 3
.most studies, however, has been towards ‘the separation of

-

»viable parenchymal hepatocytes and their maintenance An short
term culture. Still, the utilizationtofﬂisolated liver cells
“in ~v1tro has b@bn regarded as a particularly difficult
'probgem for two major reasons: (i) the lack of efficient.
methods for the preparation of intact, viable cells, and (il)‘
the aduit liver is normally a non—pr iferating tissue. .The
vfirst problem is a technical one which has essentially been
solved The second problem is a biological one and the major
.obstacle én isolated hepatocyte studies. ' Because of the

_ ina ility of normal mature hepatocytes to- proliferate, growtha"

in vitro would not be expected. Even with their prolonged

| cellular-.life-spana (188, 189),' the maintenance of normal

\ -
R
., e
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~~

- FIGURE 14. The number and volume density of the different cell types
~/found in adult rat liver tissue. [Adapted from Drochmans et at (187).

NUMBER OF . VOLUME
| CELLS R L DENSITY |
'(O/O) o e T /o).

HEP Hzpmocms
- BD : BILE DUCTS - S

“SLC :smrsmmmscm.s .
" . e - endgthelial cells -

k - ku ffer cells ‘
'n - ot er non—parenchymal c:ells'



57
¢
f_uncﬁional'hepatocytee in culture for more than a few weeks
| ‘has proven 'uns‘u-cc_eeeful..(s. 190‘—218') As is typical with
most’ highly diff-erentiated epithelial cellla, liver °

parenchymal cells either . die or dedifferentiate early in_..

. culture‘ (192, 209)

3 3.2 Preparation of Isolated Bepatocytes -

‘3 3.2.1 Adult Rat Hepatocytes

. Due to the 1lack of~a~eatisfactory \method for "the pre-
paration of viable .hepatocytes, early tiaeue culture studies »
were limited to the . explantation of aeeptically prepared
liver alices into an artificial in vitro environment (210).
-Although less than cbmpletely succesaful.’thia was an impor- :
tant first step: Subs_equently,.-aus_pensione of iaolate_cl cells
were_’obta,ineq thro‘ugh‘ ‘.t'ne phvaical ‘dier'uption of . the tissue
"by various- ,.rnethode,' inolud.in'g forcing the liver through.
cheese "cloch (211), shaking with glaae beads (212. 213),
mincing wit\h a tisaue press (214), ‘or by slow homogenization
7(215) Purificat'ioin of the cells was accompliahed by centri-’,
fugation. , The recovery of intact cella., however, was ukually -
less than 1% of the total liver, and the el'le‘were in-
evitably damaged and of queetionable ‘viabil’ ty.% Althougﬁ
thia was eufficieht in inatanc% where rapi ly propagating |

% -
cella were. being used or cell. lines being eltabliehed (216.

-
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217), these methods were severely restrictive for hepatic
cell studies. _ o _ | .
A crucial advancement in cell isolation occurred when

»

*it,‘was recognized that intercellular Ca f played an
important role in the maintenance of the integrity of intact
tissue (216- 220). : Similar claims were also made for
Mg++ (216, 219) and K (221). It 'was reported that
removal of ;C¢++ and. Mg++'.with rchelating ‘agents ~such
as citrate (222;226) or_lethylenediaminetetraacetic"aLid
(EDTA) (Zlb; 222, 225, 227;230) oxr chelation of cellular
k+ with tetraphenylboron .(TPB)' (201, 22l, 228, 251-235)
prior to mechanical dispersion, facilitated theusubsequent
seg::ation of cells. This resultedlin‘highersyields of‘cellsi
Codnc apparently*-better .morphological condition than was
possible with mechanical disruption alone.. Since these
earlierf'studies, only Ca ad has, remained a recocnized~
‘variable‘ because "of its importance to‘-a Ca+f-dependent
'.adhesion factor found in all tissue (219, 236, 237) n Further‘
investigations have indicated that Mg+*_ (218, 219) and
X" (201, 222, 231, 237) do not really contribute to
cellular cohesion and that the use of TPB is ineffective in
promoting liver diapersion (231, 237, 238).._In fact,lit'has

, xt
, recently been 'shown that the presence of - \:::Bally

. improved disruption of tissue (237) and that TPB is. highly

. toxic towards mammalian cells (201, 221, 228, - 231 239)..



N ’; . .
. : ++ L .
‘The removal of Ca emains the only . modification

\

in‘.the cationic env1ronment. which favors cell dispersion.
Still, there is some reason to believe *that liver cells pre-
‘ pared by methods involving chelation, regardless of whether
xmechanical treatment was also used, are structurally and
functionally defective. Despite evidence that the isolated~
'cells were technically intact, ‘various disfunctionsa.which‘l
fincluded the impairment of protein (238); cholesterol (240),

) L.
and RNA (241) synthe81s, indicated numerous changes in

cellular ultra-structure had in fact oecurred. Furthermore, .
'loss of vi%al membrane integrity was evident by -the severe
enzyme leakage displayed by these cells (1B9, 231, 241 247)

> The 1ntroduction of céllagenase as a liver dispersing
enzyme greatly facilitated the preparaxion of intact viable
icells. Shortl after Rodbell (248) demonstrated that adipose
cells could be isolated by incubating fat tissue w1th col-.
.lagenase, Howard and coworkers (249,‘ 250) developed al
:procedure for preparing suspensions of isolated hepatocytes
by incubating liver slices in the. presence of a mixture of
collagenase and hyaluronid%se. This method was subsequentlyi
improved by Berry and Friend (251) and Howard et al.‘(252).
‘who introdUCed a new technique involving in situ perfusion ofp
_the rat liver at room temperature with a similar collagenase/ ;
hyaluronidase-buffer. By employing a continuous recirculat-
ing perfusion step prior to mincing and incubating the 1iver

in fresh buffer, a much greater yield of isolated cells could



f‘be obtained. Unfortunately, this'method subjected the'cells-
to very high concentrations of digesting enzymes for pro-'
longed periods of time,,which eventually resulted in damage
to: the cellular membrane. ‘Wagle and coworkers (253, 254)
found that by raising the temperature of the perfusion buffer,
to 37'C. 1ower concentrations of’ collagenase could  be used

i

fof much shorter perfusion times. This inevitably resulted

.

. in a considerable improvement in the Stability of the
'recovered hepatocytes. 'Furthermore, although hyaluronidase
had commonly been included along' with collagenase in. the p
enzyme- mixture, Ingelbretsen and Wagle (254, 255) and othersv
(256~ 258) found no evidence to support its use.' In fact it
‘'was observed that at high enough concentrations, hyaluron-
idase was inhibitory to cell dispersion (259) Seglan (237,
256 260) and Fry et al. (261) further improved the ease of
tissue dispersion and the yield of intact, v1able cells which
retained in vivo metabolic characteristics by removing the
intercellular- Ca f prior‘ to perfusion_ with -an enzyme
buffer.»i The renoval of Ca+:+ was: accomplished either by.
perfusing the l’ver with' an EDTA containing buffer, or by the

4+
efficient wash t with a Ca -free buffer. A An ‘interest-

the use of collagenase Was revealed by Seifter

‘v ing aspect
o H +

.and:-Harper (217) who' reported that the presence of Ca

o

was required for enzymic activity, which ecessitated its re-

: L ++ ‘
addition once the endogenous Ca - _pas been depleted.
: . ; ++ o v
Qpparently- the ‘removal of, Ca o during pre-perfusion
. _. - » . . ) , v , i . " . Al . ‘A . . B

"
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Lreates chdhges . in  the intercellular integrity of tissue
“ Which "~ is  not reaily reversed when catt is re-added”‘
(260). In.contrest-to the majority oflstudies‘yhich have
included ca*t in; the collegenese | buffer, Zahlten
and Stratman (258) claimed no need for it. This was support—
ed by Gallop et al. (262) who noted that collagenase“ﬁ"éfﬁill?‘~
contains a small amount of tightly bound calcium ions which |
are sufficient to. allow enzymic ectivity. ?Furthermore,“Berry
(263) suggested ethet variations in endogenous ca++' cOné

"tent may be responsible for reported differences in digestive-"

action: between batches of collagensse, rather than%due to

their inherent enzyme activity. . S A\\
- . B R ‘ .
- The development of the two-step perfusion procedure ‘of
++ 4 .
Ca removal followed .by the addition .of <Ca and

collagenase has eliminated much of the difficulty in. prepsr—;l
ing isolated cells and resulted in the highest possible
'recovery of viable cells. In some instances, 55-65% w/w of
the liver was reqpvered as 'isolated intact hepatocytes (253,§<:;‘
256, 264 265) and ‘reported viebilities of greater than 95%

.) were not uncommon (253, 256, 264. 266, 267).. A comparison of
cell’ yields by utilizing vsrious methods of isolating edult

‘;ret hepstocytes is summarized in Table 3. .oy

- S - ' , _— .
3. 3.2 2 Petel snd Neonstal Bepetoéytes I N

Although general methods involving enzymic perfusion of

the liver in situ undoubtedly result in the highest possible

-,

] . B .
ol - . . . . ¢
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TABLE 3. Comparison of the Efflciency of Various Tissue Dn.ssocmt.lm
Methods used in the Isolatmn of Intact, Viable Hepatocytes
. ' - . - . . *

TbTLAsL : o Nm;aen
~ME‘I‘,Hob OF _.RECOVERED VIABILITY CELLS
ISOLATING CELLS - (x10) . (sgl (x1o‘) _REF.
R . MICANICAL DISRPTION - * B L@
' % INCUBATION OF TISSUE SLICES o
\ (followed, by mechanical disrupticn) Lt ,
~with B ‘ u. o o @3m
-with comg-u/hyumau. o .5 60 3 . (325)
. 5. 93 4.65 (250)
N —with. colhguuu/hyalurmidnn . : ' .
‘ with prior Cat++ removal < 29. . .75 2 - {588) .
T 204 85 n - (325)
- % ISYATED ORGAN PERFUSION
. L™ R o -
~vith citiate 2L ) -9 (26l)
‘=ith TPB : - 12. o 0. : (261)
. ' ~with .25% trypsin ' D SR 0 o _'(261)K
~with .10% pengestion 5 - N ] 0 (261)
-'wi;h .25|pzeme,i : 1 -0 0 {261)
- ~with 1o\colnguu. S s 55 190 - (288)
' © uo.. 100 S0 (253)
~with colhgmne with T e
o prior | 8. . 95 , 80.7 (?Sf) '
~with coumn/hyal\itmidn. ‘ ! -] T 42.5 326)
-Gith collagenase/hyalurcnidase = 136 9 128 (iSG') ,
e ""“‘hme‘“m ; %6. . 85 65 © (588)
. RS>0 86 106 O (265)
e 30. 96 ‘29 . (267
100. .80 . 90 . (264)
. j 138.. . 200 - 138 o (283
i y { ) |
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.yield op viablefcells (Table 3), there are. obvious difficul-

. ties associated with this" procedure when the ‘liver is too
‘small or only a portion of tissue is available (i. e.- liver:
biopsy) Methods for the isolation of embryonic and neonatalf'-
hepatocytes have chaLged little since Moscona (268) reported
the preparation cf a liver cell suspension obtained from
sixteen day o1ld mouse embryos by the use of enzymic diges—'-
tion. Fragments of ~fetal’ liver. ‘were incubated in the o
presence of a trypsin solution and the tissue dispersed into

' single cells by repeatedly passing them. through the tip of a-;
fine pipette. The use of trypsin has since been used exten—

sively by a number of investigators. . Nebert and Gelboin
'7(269 270) prepared short-term culturesrfrom fetal hamster;f
»cells aa‘ Idoine et al. (271) and Bausher and,Schaeffer (272%}
were able to establish long-term cultures of neonatal hepato-
"cytes from ,fats less than seven days old. (', similarly;‘:“
Bissell ‘and Tilles (273)' 1nvestigated the morphology and
.function of fetal liver cells obtaimed from human embryos and”
Vmaintained as monolayer cultures. Tsiquage et al. (274).
using a modified. trypsin/EDTA buffer were also able to
,_establish long-term -cultures of human fetal hepatocytes'*
'obtained from embryos of 10-23 week gestational age. v
In addition, several studies ‘Thave utilized the method
:;reported by Howard et al. (249 250) to isblate hepatocytes'

i cp
‘from fetal liver tissue. Using a solutioa of collagenase to

L .
B C

o
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dissociate cells from . tns 1ivers of 19-21 ‘day o0l1d rat
embryos, Leffert and coworkers (275- 279) were able to preparet
differentiatedr fetal hepatocytes in a short-term monolayer .
s culture. More recently, Guguen-Guillouzo et al. }280) and

<

: Schaeffer and Kessler (281) employed a similar p edure'to
cuuture suspensions of human liver cells obt ed f om.fetal
hepaétc tissue. Acosta Eﬁtﬁﬂ: (282) reliedvon'a.mixture”of
collagenase and hyaluronidase in solution to isolate hepato-
cytes from postnatal rat liver.j .

Besides empioying either trypsin or collagenase as the
digesting enzyme, the use of a neutral bacterial protease has
also been reported.‘ Nau ‘et ,al. (283) and Takaoka et
al. (284) isplated hepatocytes of human fetuses by digesting
liver slices with Dispase 1 and found the method comparable
to those which used the other enzymes.’ Similar results ;ére
obtained by Nau et al. (285) who used an EGTA /Dipase l
combination for‘their ‘tissue’ dispersion. ' '

In general, although ‘enzymic digestion of fetal liver
fragments will result in the recovery ‘of intact viable hepa-

- tocytes, yields are unlikely to be above 5% of. the tissue

o o

regardless of ‘the enzyme used. Nevertheless, this accounted
"for"a considerable .improvement over previous .non-enzymic
methods which have consistentlyygiven insignificant yields of

intact cells.
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3.3.3 Isolated nepatocytesﬁin Culture
3.3.3.1 State of the Art '

In 1913, Carrel (286) was the first to. demonstrate that
the survival of mammalian cells could be prolonged for up to
several weeks in an artificial medium. Ué&hg suspension
cultures containing serum, he reported that'in vitro gromth
of connective cells isplated from various tissue fragments
could be rapidly accelerated by the addition of extracts ggom
fetal tissue. "Since that time a great deal of informatiOn
has accumulated concerning the growth requirements of - iso-:
lated cells in vitro, The capacity of most animal cells to‘
proliferate in culture is influenced by the characteristics
of the population as a whole, such as the presence of serum
and various nutrients (198, 265, 286~-294), by the pH of the
culture media (30, 291, '294), and the cell density (291,
295,296). However, an absolute requirement for normal,growth
in vitro is attachment oﬁ»the~ce11s to" a solid support; thus
mammalian cells area'termed anchorage dependent (204, 265,
294, 297 -299). Folkman and'coworkers (300, 301) proposed a
fundamental concept' of growth control;momexplain'anchorage~’
dependency;v‘A namely, that the appropriate cell shape is
critical for mitotic activity. " Mere attachment of the round-.
ed cells to-a suppOrt'is'not enough. They must firmly adhere
and spread out over the surface before they can initiate DNAF
syhthesis \(294, 297). .Indeed, there 1is evidence which

'

indicates that cell adhesion is involved not only in the
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.

regulation of cell growth, . but 'in all aspects of cell
‘ survival, : including morphogenesie.‘ junction formation,
different;ation, motility and malignancy (294 297, 299, 302,
3030 The exact mechanism ‘by which cell shape is transduced

to’ a controlling signal for regulation is still unclear.

lg.

.Available information does not differentiate whether cell ~

shape actually controls cell proliferation, or whether both‘

parameters are dependent on other factors.

o
While the ability of mammalian cells to multiply even

though unattached to any solfd support is also well bnown,‘

" this phenomenon is usually associated with gross morpho-

1ogica1 changes in thees vell and 1loss of +ellular function

(192, 201-205, 208). This is supported by the fact ' that

cells which demonstrate excellent growth. in suspension

cultures ‘comprise such abnormal t?pes as transformed _and

'neoplastic cells (201, 202, 207 221, 304, 305). The rela;
tionship between abnormal and normal cell growth in vivo and

in vitro is illustrated in Figure 15 (306). ‘ v /
Besides anchorage dependency, monolayer cultures of

primary and normal diploid cells are characterized by their

morphological and chromosomal similarities to the tissue from

which they are derived. Furthermore, varions studies have»

established that normal mammalian cell strains do have a
limited lifespan in vitro (202 206, 207, 307) as depicted in
uFigure 16 (306). 1In contrast to normal strains, es}ablished

cell lines have pProperties which resemble cancerous cells;
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FIGURE 15. mlatia'xs!ﬂpbetwemmlandahmalnmmmaliancells ﬁ
~in vivo and in vitro. [Adapted franﬂayflid: and Moorhead (307)]
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FIGURE flG Developrelt of cell strains and cell lines in mm
[Adapted from Hayflick and Moorbead (307)].
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that is,. abnormal hg;;;homal Anumbers,~'a1tered %cellular

.structure, an indefinite lifespan, and do not demonstrate ,the

el

/sane - anchorage dependency as normai cella. Thii has been_

obserVed in the recent development of many stable cell lines‘

deriveq from tumore,gnd ndrmal cells transformeg by viruses,‘--

in which growth can'occur \\%ile in euspension f201, 202,

~ -
204) These cells are termed anchorage-independent (204.;u
L4 . .
306, 308) and rarely resemble the tissue of origin. _ }"
)

' Since -schneider and Potter (211) firet prepared'
4 suspensions of crudely isolated rat 1iver cells, considerahle
‘minterest has been directed towards their'use as a system iﬁg
which to study 1iver function, while maintaining a more rigid
control over many of the variables which'influence activity.
But despite numerous advances in culture methodolgy, ' the

long-term maintenance of normally functional hepatocytes has

7remained _essentially yunsucceseful.. In theu_adult. liver .

virtually all the parenchymal célls are proliferationally
inactive.. .Considered as reverting post-mitotic cells, that
is cells with a potential dividing capacity triggered only
after a special stimulus, they have a low mitotic ‘incidence

of‘ only about 0.01% under normal physiological conditions

(309, 310) : Although it has Dbeen demonstrated that

proliferation can be re-started " under certain conditions
involving partial hepatectomy (311, 312), there is little

information available on this phenomenom. Only during the
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very early stages of development does the liver contain large

populations of mitotically active cells. Consequently,

nearly all hepatocytes live for as losg as the animal does

after they have undergone differeptiation (313) Despite ,a_

A

prolonged lifespan in  wvivo, thei" major problem withj
hepatocytas in vitro is their short viability and ensuing
metabolic instabi'lity. It is unfortunate that long-termf,;cell
lines cannot be considered as: adequate alternatives" 'I‘hese
cells ‘lose most ~of the metaboli\c functions of normal adult

: g
hepatocytes by dedifferentiation._ v : o o s

8 - '. ) .vv

~

3.3.3:2 Suspension Cultures '

Cells in suspension differ from cells attached to a
solid surface as a monolaye.r\‘ culture in a variety of ways,
any of which might be concerned in. the regulation of cell
'growth. of particular importance is the fact that suspen—
siojiof isolated hepatocytes display severely diminished
metabolic activity which may. persist for just three to four
hOurs in vitro (250).*: Several of the earlier biochemical

studies reported a poor viability of liver cell suspensions

due to the leakage of important enzymes from dispersed celis.

(189, 242, 245, 247).- Because leakage of cytopl‘asmic
enzymes occurs only after ;evere irreversible damage to

w-)the cells (24¢), the difficulties encountered in earlier

investigations appeared to be ~a direct consequence of the

mechanical methods of dispersing the cells. In contrast,

M

24



-

"using’ enzymically dissociated hepatocytes, Howard and Pesch

- (250) reported a substantialay slower, leakage of cellular

enzymesandBerget et _al(314) observed no leakage over at least a
seven hour period after isolating cells using a collagenase/
hyaluronidase liVer perfusioh method. - Subsequently, Haung

and Ebner (235) compared enzyme induction in’ cells isolated

by a variety of methods and found ‘that the cells produced by

enzymic procedures were. superior to those obtained ‘by* a”
combination mechanical and - chemical means. Thisg agreed with

numerous other authors who found that” protein synthesis was

-far more effic1ent in enzymically prepared hepatocytes than

by other methods (201, 231, 315~ 318) But, desp_ite the

B improved 1ntegr1ty o enzymically derived cells, survival of

‘4functionally actjive cells in suspension was in most cases,

, still limited to just a few hours, though there have been

<

>
reported _exceptions. Jeejeebhoy et al. (319) using a
suspension technique supplemented with horse serum, observed
that hepatocytes were maintained in a viable state over a

forty-eight hour period " whereas Gerschenson and Casanello ™

'(216 '320) claimed a survival time of over thirty days. "In

the latter instance TPB-—dissociated cells were used and a

‘full recovery ‘of the cells after eighteen h'ours in suspension

was reported.” However, most current .studies’ claim a

viability Qf only three to six hours, which_ se.verly_ limits

‘their use for any studies other than extremely short-term °

ones.



3. 3.3.3 Monolayer Cultures
3.3.3.3.1 Non-proliferating Primary\Culture- '

Bauer et al. (246) stated that - all cells will inevi-
tably undergo a certain degree of trauma regardless of the_'
isolatiOn pnocedure. But whereas hepatocytes in suspen81on
are incapable of recovery,,cells_cuLQu:ed as a nwnolayer,
‘dieplay .some ability to :ecove{ morphologicalw;integrity.
Thus in some circumstances,_ mbnolayerv culture techniques
offe; distiuct advantages over cell'suspenslons_by virtue of
their much longer useful time period.

As with most technlqueb in cell culture, early attempts,
to ‘culture highly dlfferentlated cells usually resulted ‘in a
rapld overgrawth by more pr1m1t1Ve cells which usually grow.
- out %E fibroblasts or as a 51mple endothelium (198, 199, 210,
222; 223, 321-324). In many cases, characteristics of the
dlfferentlated eplthelial cells in question could be demon-
strated for short periods of time before the prlmary Cultures
became overgrown by non-differentiated cells. The problem pf
overgrowth was eventually solved ‘by purificati;n of the
uaienchymal cells prior to culturing. This is wusually
accomplished by very ,low' sﬁeed centrifugation, or more
recently by gradient sedimentation (167, 255 " 290, 325-
327). The behavior of purified celli in vitro demonstrated a

better correlation to in vivo functional characteristics than

did culture from crude cell preparations.
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The preparation of non—proliferating adult parenchymal

rat liver cells in primarx monolayer culture is now fairly
routine in many laboratories, ‘although most liven—specifici
functions in culture are generally reduced in comparison with_
what is observed in vivo (193-196, 209, 290, 319, 326).
Primary cultures do exhibit functionally active hepatocytes
during the first several days,’but the activity decreases
considerably by the fourth or flfth day (193, 197- 200, 267,
328) . Thus, although cells can remain structurally intact.
fOr up to three weeks, enzymic activity is practically

negligible after just one‘week.

It has not .been fdeiermined whecher ?ihis ineviraole |
decrease results from damage inflicted during isolation, ;rom
inadequacy of the in v1tro enVironment,‘or as. a consequenCe
of the intrinsic nature of hepatocytes (dedifferentiationf.
There is increasing evidence to indicate that impairment of

cellular function is a rmtural aging progression of cells

incapable of mitotic activity (329).

3.3.3.3.1.1 Growth Requirements

Many variables combi;e to determine whether or not
cells remain alive in . vitro and the extent of survival can be
significantly influenced by even small variations in the
culture media. Ham and Mckeeham (291) outlined certain

cellular growth requirements as,

i. the medium must supply all essential nutrients,
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ii. physiological parametera such ae tempefature, pH,
and osmolarit; must be kept within acceptable
limits,

_11&,. the culéute system must'heifree from éoaic_of-
inhibitqry effecte,hinelu ng those due to.exceseh'
sive amounts of essential Somponents, | |

iv. preciée quantitafive adjdatments; including
balanced relatibhehips amdngfthé cdmponents of the

sysfem are required} and

which is frequently added to. defined media
" to stimulate growth, interacts with virtually every
Other ‘variable in the culture system. It also
serves as a source of madrohdlecular'growth factors
thi* afe essential fd; multiplication df many, but
not all, types of cells. |
The effects of,different culture media and serum con-
centrationsf%h cell survival have been exfeneively reviewed
(198, 287-289, 2914293) The hajor purpose acc0mplished by
the addition of ~serum haa been to supply needed hormones,
vitamins, amino acide. trace . elementa, © various 'smali
molecules and essential macroholecules. Studies have aise
demonstrated that serum proteins play a significant role in
cell attachment (291, 329) as well as a protective effect on
the cells €291, 330).
lIt is generally acdeéted thatfalljnprmal cells and mdst
transformed cella’reduire,factora'fouhd‘iﬁ serum to. survive

\
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in culture (197, 287). 'Mostfattempts to maintain hepatocytes
in. a ;serum-free medium have proved unsuccessful (331)
although Bissel] and, coworkers (197 332 333) Yeported. that
functionally active parenchymal cells from adult rat liver;“
;could be maintained for up to six days provided the donor
animal was previously subjected to a partial hepatectomy IJB:
direct contrast, Bonney et al. (198) using the identical
procedure, argued that serum was indeed required for proper
establishment of a monolayer culture.- ' L

Significant improvements in hepatocyte eulture systems
have been made by the introduction of hormones into the media
(287, 334-339) f Most investigators agree that the addition
of various hormones such as insulin (198 - 288, 336,v340-342)*
or glucocorticoids (335, 336, ‘339, 340, 343, 344) will '
enhance the attachment efficiency of liver cells and improve
cellular morphology as well as induce both enzymic activity
and protein synthesis. But whereas numerous authors have
erorted ‘an increase in cell survival time with the use'of
hormones (198, 335, 341, 344), an equal number of studies
could not demonstrate a direct effect on cell viability (288
336 339, 340, 343).
3.3.3.3.1,2 Growth Supportl
It has long been realized that certain components of’

-

the basement membrane contributed greatly .to the survival of
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cnormal cells (308, 1345); In order to vfacilitate the

anchorage requiremente“ of: 'platEd hepatocytes. various
substrates made up, ‘at least gin part, of theSe basement
components are used ‘to support the attachment and spreading

of primary cell cultures. . The most common method for cultur-

'ing primary liver cells has been : -on. plastic petri dishes>

-

coated with a thin layer of collagen (198, 308 340,,346-350)

or more recently, of fibronectin (298, 351). ButVVariouEi

improvements in the attachment matrices have reportedly

resulted in’ a considerable increase in culture‘ longevity.
Johannson (298) described the use of petri dishes coated
with laminin as the attachment protein and found it superior
to either fibronectin or- collagen in mediating the anchorage
and spreading of hepatocytes.~ Sirica et al. (352) modified
the procedure by culturing cells on a. hylon mesh coated with

a thin collagen layer. In this n@nnwr they were -able to
e

.observe extended enzymic activity compared to ‘hepatocytes

maintained under similar‘ conditions attached to ‘collagen

coated plastic surfaces. - By using a floating collagen mem-

'brane, Michalopoulos and coworkers (339, 346, 353) were able

to maintain normal functional liver cells fq; periods of
twenty’days or longer. They suggested the improvement over
collagen coated plates was due to the fact that the shrinking‘
membrane satisfied the requirement of parenchymal liver cells
to anchor themselves'to'a solid surface while at the same

time allowing them to aggregate without separating from the

e
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A major advance in prplonging cell eurvivel was mede

recently by Rojkind, Reid end cowork%re (192. 534) who intro-

duced the use of a complex mixture of colleben-. non--

» collegenoue proteine and cerbohydratee 'ee the éettechment..
heubetrete. Celled'“biom&trix” dt contained a eignificent
:portion of ‘the in vivo extracellular nmtrix (beeement mem- 4

‘ .brene and ground eubetancee) found normally in liver ti-eue.

They demonatreted that hepatocytee which do not normally

*a . t

eurvive for more then‘e‘coﬁple of weeke on collagen gele can

s eurvive for more than five monthe when cultured on biomatrix.

The celle culéﬁred were shown to heVe increeeed ettechment

efficiency, proaonged survival timee, -and thet they reteined
. V'c
leverel hepntocyte-epecific functione." e

3R

.4}!

An interesting development which hee proven beneficial

N

for meintaining epithelier celle in. vitro has been to co~

cultivete tﬁem with feedqb celle, which are ueﬂdlly mutegenic'

in nature (355-359) «Uring this epproecn4 Lengenbach et al.’*"

(360) .eeded primary hepatocytee on a layer of treneformed‘

~celle elready ih mbnoleyer/culture. It was demonetreted thet'

K 4

theee feederrcelle eignificently prolonged the eurvivel time

. of the liVer perenchymal cellt with retention of normel bio-f

chemical and morphologicel cherecteriltice. oAlthough the

‘mecheniem by which:the feeder oelle fecilitete meintenence -of

the hepetocytee ie unknown, detechment of the celle and loeeA

. A
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Laof enzymic activity occurred more slowly than with cells

o

cultured on plastic.

~"’—_:
-

3.3.3.3.2 Long—term, Proliferating Bepatocyte Cultures

Numerous investigétions'have resulted in the establish-[ W

ment of long-term epithelial cultures from normal (194 195,' |

‘199, "232, 323, 359, 361- 364) and regenerating (197 363, 365~
367) adult rat liver, from rat hepatomas (199, 221, 289. 362,'
363) and alsc from heonatal (221, 222,v279, 321, 361,\368 -
374) and fetal (206, 277-279, 365, 368) rat liver tissue. In
addition, established ~cell lines ‘have been obtained fromc
hyman fetal (224, 280. 375) and adult (376, 377) liVer
tissue.’ The principle disadvantage to loné-term cultures
though, is that they display few properties of normal hepato—
cytes din- vivo. It is not clear whether thig,is an inevitable
_ consequence of continuous proliferation' ot is due ~to af
:::physiological inhibition caused by the culture conditions.
There is evidence that the morphogenesis of cultured liverﬁ

parenchymal cells is affected by the physical (372) -and

’nutritional (202, 203, 287 289, 304) culture conditions.

‘" Nevertheless, the nmjority of authors report at least some-’

f
'functions Ln common with normal adult rat liver parenchymal

_cells. These include induction of tyramine aminotransferase:
(221, 232, 304, 378)‘and other enzymes (221,224, 372),
‘synthesis of albumin (197. 319, 375,378), cholesterol . (379),“

~ and glycogen\(197, 375), and retention of certain cytological

2



characteristicé (194, 197, 321, 322,'367, 372). Neverthe- )

less, the morphology of cell lines especially those derived
‘from adult 1liver, must be considered as uncertain. In".
instances where rapidly pxpliferating cells are found in
hepatocyte cultdrés, they mayjnot'be parenchymal cells at:
all (198, 1-'99“-"222, 322, 323). The indication that a liver -
cell line originated from mature hepatocytes based on the
fpremise of a few hepatocyte-like properties 1is not . always
true. Grisham (380) reported that the reason why mitotically
active cells in long-term cultures express only weak hepato-
.cyteffunctions is that‘the'cell4lines Qere probably.derived
from hepatic stem cells ,and not the mature parenchymal-
cells. N A . . |

- Because embryonic and neonatal tissue contain a higher
proportiOn‘ofjfeplicating‘cellé.tnan mature liVer; hepato-
acytes_obtained from the“forner tissues arevgenerally much
' easjier to culture... However, they do not prov1de:7'n
appropriate model ‘when differentiated functions are required
- since fetal cells differ in many specialized characteristice
from‘mature'hepetocytes (3§l§ﬁvThereNis,no evidence at this
time;to indicate,that immature‘liver-parenchymal cells in

culture are* capable of . developfng‘iinto normal _mature

nﬂgetocytes. o
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3.3.4 The Metabolism of Xenobiotics C K
3.3.4.1 Phase I Reactions -

For. the reasons outlined earlier, it ‘has become
increasingly attractive to employ isoclated hepatocytes as an
in vitro model for xenobiotic metabolism studies. . ‘Since

Henderson and DeWaide {224). first demonstrated the capabilityﬁ
of citrate-dissociated rat 1liver cells to biotransform,
severaL.GOmpounds, subsequent investigations have indicated.
that v1rtually all metabolic reactions observed in the intact
animal can be demonstrated using isolated liver parenchymal

s
Cells. Both short term suspensions of freshly isolated cells
and primary mOnolayer cultures have been used to investigatey
the metabolism of a wide variety of substrate models. A
summary of the recorded metabolic pathways is provided in
l. Table 4. ' |

By far thelmajority of.investigations involve reactions
catalyzed by the mixed function o‘idase (MFO) system. It has
been demonstrated that the metabolic rates observed in hepa—:'
tocyte incubations are usually llnear for much longer periods
of time than are similar incubations,performed with micro-
‘somal fractions (257, 373 382 385) However, one prominent
feature that limits the activity of adult rat hepatocytes in

an artificial environment is the rapid decline of cytochrome,

o P450 levels. . After 24-48 hours in culture,: hepatocytes
obtained from normal (386~ 389), as well as regenerating (332,

390, 391) adult rat liver retained only 10~ 35% of the micro-
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‘TABLE 4. Phase I Metabohsm of Vanous Xenobiotic Substrates in
Cultured Hepatocytes ' e

_PATHWAY ' SUBSTRATE Zyuifv:;“ speczEs® .{REF.)

. 257, 416, 417, 4

Benzo (&) pyrene s R
Biphanyl K R 7, 136, 421, 422
Aniline .S R 224
o ' N R - 1397
Butamoxane 5 ., R 6
Diphenylhydantoin S R 423
Quinine s "R 8
N-DEALKYLATION
. Aminopyrine M R 402
e , s R © 224
Antipyrine s R 326
Acetylmsthadol ] ‘R 6
Propocyphens s R 6
- p=Chloro-N-methylaniline M R,M 424
' Prazepmma - . ~ s - 283
‘Ethylmiphine s R 417, 423 ’
O-DEALKYLATION : : o
8~Methcorybutamoanse s R 6
Phanacetin ' s R 426 -
p-Nitroanisole M R 390 °
_ s R 425 '
7=-Ethoocycoumarin s R 3, 287 .
ALTPHATIC HYDROXYLATION L
: Ethinimate ] R 6 ,
Barbiturate [ R a3
'\ Pnch-n M M 285 -
Alprenclol 3 R 418
Nicotine M M 427
ALCOHOL OXIDATION - : ‘
Ethinimete . s R 6
Ethanol s R 428
p-Hydroxynicotine M Mk 427
Ai.mm OXTDATION " ‘Acetaldehyds .8 R - 428
KETOE REUCTIN - Nabilone s R 413, 429
N-YDROXYTATTION . 2-Acstylaminoflucrens . M : R - 309, 415
N-DEALIATION | 2-Acetylaminoflucrens . M R 309
EPCKIDATION Bromobenzens s R 419
HYDROLYSIS ' ' Digitoin s R a4
‘l, S = SUSPENSION CULTURE, M = MONOLAYER CULTURE .
- 2

R = RAT, M = MOUSE, Mn = MAN. Mk = MONKEY _

et



somal activity measored‘in freshly isolated cells. 1In most
.instances ‘this marhed loss of. cytochrome P450 could not
\ be prevented, despite the use of various media preparations
(332, 386-388, 390, 391) supplemented with either serum or
insdlin (332, 387, 390, 392-394) However, several authors

'have reported this rapid decrease could at least be slowed by

- .

Psso 1levels in " vivo including ascorbic acfd (391),
.nicotinamide é388 395)' cycloheximide (396), phenobarbital
(7 392, 394, 397), and 3-methylcholanthrene (394). 1In addi-
tion, Decad et»al. (334) had observed that higher levels of

45Q
. ° .
one, -and Guzelian et al. (393)fnoted-similar results with

P could be maintained -in the presence of testoster-

the addition of dexamethasone. Hydrocortisone was also

thought’.to prevent ' the degradation of cytochrome ﬁ;so:

however, Michalopoulos et al. (386) found that this hormone-

in fact stimulated the appearance of Pssg 2and not

P4so Decad et .al. (334) were able tol.demonstrate "the

maintenance of near in vivo levels of cytochrome P4SO

adult hepatocytes cultured for up t twenty-four hours in a

defined medium supplemented with|/ a mixture of several
peptides and steroidal hormones. Although it has been demon*
strated'that several hepatic functions can be»retained by
hepatoeytes in monolayer culture 'for relatively prolonged

periods of time (282, 304, 352-35.

» 368, 380) obviously cyto-

'supplementation with various 'agents known to increase.

in
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chrome P450v~is not included. - - Tﬂi? appears to . be a
reflection of the cells incompatability between 1long-term
survival in vitro and retaining their differentiated state.

‘ Replicating cell 1lines derived fnqm hepatocytes make‘
poor models for in vivo hepatic drug metabolism, as they fail
to exhibit most properties of the drug metabolizing system,
such as those associated with cytochrome P450 (197, 219,
334, 387). This loss of microsomal activity does not appear
to be the result of continuous cell division,;imt probably
:occurs very early during the primary Culture. phasew'

In spite of the comparable ‘ease with which embryonic
and neonatal rat hepatocytes can be cultured their use in
drug metabolism studies appeared to be of limited value
_Some success has been ‘reported w1th the use of fetal human
liver cells (283) and primary cultures of chick embryo hepavi_
tocytes, but in general, studies have reported that levels of
most enzymes responsible for xenobiotic metabolism are very
lou' in the fetal and heonatal state (399—40l). Because
hepatocytes do not undergo differentiation invvitro, develop-
ment of an adequate metabolism system in cultured immature
liver cells is unlikely and such cells may be a poor
‘model for the study of metabolic mechanisms which are demon-
strated by more specialized adult hepatocytes. Several
investigators have reported the induction of aryl hydrocarbon

hydroxylase (AHH)‘in fetal cultures by a variety of chemical

agents 1219, 402, 403),'but this increase was associated with
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the cytochrome P44é system (402). In fact, Owens and
Nebert (402) have further claimed that the microsomal enzyme
found in all 1liver cell lines and cultures of fetal hepato-~-

cytes is the P,,. form and not the P,5o. Protein

present in more mature tissue. Tbese'resultsjdemonstrated

that standard procedures for culturing hepatocytes caused

significant alterations in the drug metabolizing system which

must be regulated before more detailed comparison of cultures~

with the original tissue in vivo can be made.

3.3.4.2 Phase II Conjugation. Reactions

’";\Iﬁumerous reports have indicated th?l; in addition to
phase I primary metabolic reactions, short-term cultures.of
freshly isoclated adult hepatocvtes have an efficient
capabilityv to conjugate substrates, or their metabolites
(Table 5). ?n various instances this can offer* distinct

advantages in xenobiotic metabolism‘studies,over broken cell

preparations. For example, using purified liver parenchymal

cells, Suolinna (384) disproved an earlier claim (404) that

acetylation of sulfanilamide takes place predominantly in the

reticuloendothelial cells. Murphy et al. (405) reported that

the different.pharmacological activities demonstrated by -

and d-drobuline were due to extensive glucuronidation of the

:grisomer. In addition to acetylation and glucuronidation,
fother freguently observed phase II reactions include sulphate

and glutathione conjugations (Table 5). As well, isolatedv

%\



TABLE 5. Phase IT Metabolism of Various Xenobiotic

. , Substrates in
Lultured Hepatocytes. '
. 4 : 2
PATHWAY SUBSTRATE mee or 1 2 (REF. )
: " CULTURE ~
Banza;s' Acid s R < 136,
1p-Nitrophenyl S R 6, 224, 431
2-, 3-, or 4-Hydroxyphenyl s R 191
Rydrmcybenzo(u)pyruxe S R 240
7-Hydroxycoumarin s R 257
Paracetanol : s R,M 406
Drobuline . s D 405
Hydroxydi pheny lhydantoin .8 R 430
ACETATE - ' :
. - p-Amincbenzoic acid S R,Fb - 383, 384
Sulfanilamide . s R,Fb 383, 384
Sulfarethazine . .8 _RRO 383,384
SULFATE 3- or 4~Hydroiybiphenyl s . R 191
p-Nitrophenyl s R ‘431
Paracetamol’ s R,M 406
© 7-Hydxoaxycounarin s R 3, 257
Hydroxybenzopyrens s ' R 420
GLUTATHIONE Paracetamol - s R,M 406
e _ Hydroxybenzopyrena s R 420, 432
Benzo (a) anthracens | R 3
Brambenzens .S R 411, 433
~N " .
: - :
cnﬂzﬂm Paracetamol T s RM 406
GLYCINE " Benzoic acid s R 136
GLUTRMATE Methotrexats - s R 407
M R 408
MERCAPIURIC ACID  Benzo(d)anthracens N R 3

1 s = suspensION CULTURE,

2 R = RAT,

D = DOG,

M = MONOLAYER CULTURE

M = MOUSE,

Rb = RABBIT
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accounts of compounds undergoing derivatization with cysteine

>(406){ glycine (l36)[ glutamate f407, 408) and mércapturic

acid (3)} have been'reporteq to occur in cultured'hepato-
) ‘ ' AT
cytes. .

“{Q»general, these phase II reactions occurred in adult

& . .
rat hepatocytes without the ¥ddition of exogenous cofactors,

.alﬁhough conjugation rates could be influi;fed by the regula-

tion of certain intracellular componentg (191, 409-412). At

Ppresent, there are no published reports which describe‘the

monitorlng of conjugating enzyme systems in isolated hepato-

cytes maintained over prolonged periods of time. However,

{

Galivan (408) did demonstrate that adult rat hepatocytes

retained mbst of thei!hability to form glutamate derivatives

of methotrexate during the first three days 'in a primary'

culture.

[y

3.3.4.3 )Correlation Between Isolated Hepatocytes and In Vivo ‘
Reiultl

The usefulnesa of isolated hepatocytes as a model of

hepatic metabolism in wvivo depends considerably on fheir :

ability to exhibit metabolic profiles similar to those seen

in vivo. There are several instances where sudh idolated

hepatocytes provide a pertinent model for comparison._ These

include the observation ‘that barbiturate metabolism compared

very favourably in adult rat 1liver parenchymal cells in
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suspeneion.and in the'intact animal'(413); whereas metabolism
by rat liver 9 OOOXg supernatant fraction gave no such rcor-
relation with in vivo results.~ Guzelian et al. (390)b
studied various metabolizing enzymeeé (pfnitroanisole-g-

demethylase, aniline hydroxylase, aminopyrine—N demethylase)'
‘and found similarities between the activities of hepatocytes
in primary cultures and the liver in vivo which could not be
demonstrated using hepatic microsomes. A list of other
substrates which have shoWn a good correlation of metabolic
pathways between isolated rat hepatocytes and the intact
animal includes_ ethinamate ~(6), digitoxin (414), ‘nabilone
(413), butaxmoxone (6), and 2-acetylaminofluorene (415). ‘In
contrast however, it has also been possible to demonstrate-
examples, including acetylmethadol (6), propoxyphene (6), .
"benzo(A)pyrene (416), ethylmorphine (417), N, N-dimethylphen~ﬁ
oxyethylamine(G), alprenolol (418), and aniline (417), where
the rates of metabolism in isolated cells compared better
with broken cell preparations maintained in the presence of
an NADPH-generating system than with what occurred in the
intact animal. Furthermore, studies by Michalopoulos et al.b
" (394) using ‘primary hepatocyte cultures demonstrated that
induction of cytochrome ,P45-0 by phenobarbital treatment
reflected a response related more-to that shown by microsomal
preparations, then to the effect expected in vivo (6, 416,
418, 419), In ‘addition, agents known to inhibit metabolic

activity produced similar responses in both isolated -

hepatocytes and subcelliular fractions (6, 7, 416, 418, 419).
. 8 i
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suspension and in the intact animal (413); whereas metabolism
by rat liver 9 OOOXH supernatant fraction gave no such cor-
relation with in vivo results. Guzelian et al. (390)
studied .various metabolizing ‘enzymes (pfnitroanisole-O-
demethylase. aniline ‘hydroxylase, aminopyrine-N demethylase)"
and found similarities between the activities of hepatocytes
in primary cultures and the liver in vivo which could not be<
demonstrated using ‘hepatic microsomes.f A 1list of other
substrates which have shown a good correlation of metabolic
pathways between isolated rat hepatocytes andl the intact
animal includes ethinamate (6), digitoxin .(414), - nabilone
- (413), butaxmoxone (6), and 2-acetylaminofluorene (415). 1In
‘contrast however, it has also been possible to'demonstrate
examples, including’ acet;lmethadol (6), propoxyphene (6),
benzo(a)pyrene (416), ethylmorphine,j4l7); N,N-dimethylphen «
oxyethylaminetﬁ), alprenolol (418), and aniline (417), where
the rates of metabolism in isolated cells compared better
with broken cell preparations maintained in the presence of
an NADPH-generating system than with what occurred in the
intact animal. Furthermore, studies by Michalopoulos et al.
(394) using primary hepatocyte cultures demonstrated that!'

induction of cytochrome P by phenobarbital treatment’

450
reflected a response related more to that shown by microsomal
preparations, then to the effect expected in wvivo (6, 416[
418, 419). 1In addition, agents known ‘to inhibit metabolic
activity produced similar responses in Pboth ,isolated
'hepatocytes and subcellular fractions (6,'7, ?16, 418, 419).
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4.1 CHEMICALS AND BIOLOGICALS

" The following lists identify the chemicals, _bio-
chemicals ‘and biological products used. Sources are glycﬁfin
parenthesis. . The full company name Andl.address'3Which

corresponds to _the abbreviation used are ~‘given in =

V.Section 4.5,

4.1.1 Chemicals '

4.1.1.1 éubatrages,_‘neference Compounds, _end cInte:nal
Standgrd- '_ivl' ,f o
Allylﬁéﬁzene (Aldrich) ‘ |
(+)-Amphetamine Sulfate (SKF)
(—)éAmphetcmine’Sulfate (SKF)
(+)-quhetamine HCI (SKF)
Benzaldehyde (Aldrich)
Benzyl alcohol (Aldrich)
Benzoic acid (Aldrich)
27Chlorophenylethylamine, free base (Sigma)
Cyclohexylacetone (KL)
(i)*Bnydroxyamphetamine HBr (SKF)
(i)-E}ngroxyncrephedrine HBr (SKF)
r?Hydroxy-l-Phenyl-2~propanone (Synth. ?MP)‘
2LHy§roiy-1-Phenyl-1~propcnone (Synth. FMP)

~y (i)-Norephedrine HCl (Aldrich)

v+ . Phenylacetone (P&B)

. . ;
i ' IR
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gxthro-l-Phenyl-l 2-propanediol (Synth. DBP)
' thrso-l—Phenyl-l 2-propanediol (SYﬂthf/FMP)
' crﬁ -Phenyl-l 2-propanedione (P&B)
R S-l-Phenyl-l—propanol (Synth. FMP)
‘-\ R,S- 1-Phenyl-2~propanol (Synth. DBP)
| Propiophenone (P&B)
4 1.1.2 Derivatising Reagents
.. Acetic anhydride (MCB).
Bf(-)-MenthyL chloroformate (Synth.‘}MP)
§:(+)~a-Methyibeniglisocyanate (Aldrich)“)
Pentafluoropropion;c anhydride (Pierce)
N Trigluoroacetic-anhydride (Sigma)

All other bench chemicals and solvents were of reagent grade

and used without further purification, unless’ otherwise ;

stated. They were purchased from various sources.,
| -4 ,"_

4.1.1.3 Chemical Synthesis |
The fo‘ﬁ.owing compounds v;rere prepared ba‘r. or in co-

operation with Dr. F.M. Pasutto. Data have beén included as

reference‘nmteriallonly.i All compounds gave nass spectra

(Ms), nuclear magnetic resonance (NMR) spectra, and/or

infraredﬁ(IR) spectra-consistent with their structure.

®
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4.1.1.3.1 lﬁﬂydrogy-l—phenyl-ﬁj“ropanone‘

This compound was prepared-by-t' nucleophilic acylation of

benzaldehyde with ethoxyvinyllit~1um (434). 1The. title |

compound contained 6% of the isomer. 2-hydroxy—1-phenyl 1l-
~propanone (NMR and GLC evidencé) which could~not be removed
by TLC, column chromatography, or distillation.

1

4.1.1.3.2 2~Hydroxy-1fphenylfl-propanone

This compduhd was prepared “frbm. 2- lithio-2-phenyl 1 , 3

‘dithiane and acetaldehyde using a method described: by Bowlus

and Katzenellenbogen (435). The title compound was contamin-

ated with 8% of the isomer, -fhydroxy-l-phenyl-z-propanone‘

- (NMR and GLC evidence) and .could not be purified further.*

4.1.1.3.3 R(-RMMenthyl chloroformate

The chiral derivatiiing reagent, R( )-menthyl -chloro—

formate, was prepared according to the published method - of

Westley and Halpern (436) A solution of this compound in

toluene (50 umol/ml) was demonstrated to be stable for

several months if stored over calcium carbonate at ~7°C.
4.1.1,3.4 eriihro—l-Phenyl-l,2-propanediol

Reduction of l-phenyl-1, 2-propanediohe ;with lithium
'alumiﬁum hydride (LiAlﬁ4) in tetrahydrofuran (THF) (437)

gave a yellow 0il which was a 2 1 mix&ure of the e thro :

threo diastereoisomers of the title compound (NMR ev1dence)7,f

M
B S P
Bl b
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‘"perAhéi [determined by polorim

<

“a 11terature method (739), mp.. 52 53. S‘C from petroleum |

- v

- -
-

To this isomeric mixture was edded a small volume of diethyl"

ether in which only a portioa of the oil was soluble.

Evaporation of the ether solution gave the title compound as.

a4 colorless crystalline solid,'mp. 88-90‘C from chloroform

[reported 91-92.5°Cc (438)].

4.1 l 3 5 threo-l-Phenyl—l 2-propanediol

This compound was prepared from trans-l-phenyl 1—-propem$ by .

ether-benzene [reported 51- 53 5°C (438)]

4.1.1.3.6 l-Phenylel-propanol end 1-Phenyl-2-propanol

Racemate alcohois, R,S l—phenyl l-propanol and ngflephenvl—
2-propanol iWere,‘prepared» by ‘the iithium aluminum hydride
redugtion of the corresponding | phenylalkylketones

(propiophenone and phenylacetone respectively) in dry diethyl
ether (437) . '

’ ‘ K S
Alcohols,  R,S-l-phenyl-l-propanol ‘and R,S~-1-phenyl-2~

» . . ‘
propanol, enriched in the S ~isomer, were: prepared by the

asymmetric redudﬁion of the corresponding phenylalkylketones

(propiophenone» and phenylacetone respectively) with the

chiral sodium L-prolinate borane complex prepared according

to Umino .et al. (439). Reduction Qf propiophenone gave qﬁ R

_..,..,.-....'c.,.. Wy e o o -.-—.y_-» - A

- g e

72/28 -ratio -of . the S‘*l/R(+) Jd?}iomers of l—Phenyl-l-ffs ST

"

92A\

ic analysis;, based :onih ,f
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[Alp-32.50 [c=5.1, EtOH (440)]. Reduétion of phenylacetone

‘gavg»a 60/40 ratio of the §(+)/§(—) engntiomeré bf l;phenyl-

Tt T “oxidizead

.-

~ 2-propanol [based on [AJp+16.10. [C=5.6, Etom (440)1].

-

4.1.2 Biological Prbducta and Eiochemicai:

4.1.2.1 Enzymeq,“céehzymes,~and Intérmediates

[ ;
Collagenase (MP) _ ir

QfGldcose-6-§hosphatef disodium salt (Sigma)

Glucose-6-phosphate dehydrogenase, Type XV
from Baker's Yeast (Sigma)

Glucose-G-phosphate dehydrogenase, Type XXIV
from Lgucqnostoé mesentercides (Sigma)

B-Glucuronidase, Type H-1 (Sigma)
P-Hydroxyphenylpyruvic aéid.(Aldrich)
nglgocitric-acid; trisodium'snltw(éigma)

Isocitrate dehydrogénase, Type 1V ~ ‘

' a—Ketoglutarié‘abid;'ftéé-&cldr(Sigma)‘Niéotinamide J
(Aldrich) o ~ -~

- B-Nicotinamide adenine dinucleotide, oxidized
form (NAD*) Grade II1I, free acid-(Sigma)

B-Niéotinamiae adenine dinucleotide, reduced' .
form (NADH), Grade III, disodium salt (Sigma)

JB4Nic6tInamide;qqen;n¢_dihuclgotide phosphate,
form’ : (NADP+), ' ‘mohdsodium -

.. . .B-Nicotinamide a nine.diﬁhclédtidé phdgﬁhate, T
- - - -reduced form YNADPH), Type 1, tetrasodium salt
‘ (Sigma) ‘ o o | .

(sigma) -

from porcine heart. (Sigma) : . <ﬂ\

J

v

_“_ S . axe a0
salt

it s
A



G-Phosphogluconic dehydrogenase, Type IV
. from Baker 8 Yeast (Sigma)

: Pyruvic acid Type 1I, sodium salt (Sigma)
Pyridoxal 5-phosphate, monohydrate (Aldrich)
Sulfatase, Type H—l (Sigma).

Trypsin, 1:250 (Gibco)

‘ Enyrosine, free base (Sigma)"

4.1.2.2 Defined Media and Bufferl
Media (with L-Glutamine, without NaHCO3):

Dulbecco's Modified Eagle Medium (DMEM), with
glucose and sodium pyruvate (Gibeo)

Leibovitz's L-15 Medium (Gibco)

‘MeCoy *'s Modified 5A Medium (Gibco)

-éedium 199, with Earle's Salts (Gibco)
Minimum Essential Medium (Eagle MEM) (Gibco)
Nutrient (HAM) Mixture F- 10 (Gibco) |
Nutrient (HAM) Mixture F- 12 (Gibco)

:Waymouth s MB751/1 Medium (Gibco)

'11WAYmouth 8 MB751/1 Medium, 10x concentrate (Gibco)

s .

" Buffers:

P

- .

Dulbecco 8. Phosphate Bufﬁered Seline (PBS),
with CeClz (Gibco) .

Hank‘s Balanced Salt Solution (HBSS ),
without NaHCO3 (Gibco)

HEPES Buffer (N-2 —hydroxyethylpiperazine-
N-ethanesulfonic acid) sodium salt (Sigma)

94
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Triema Base [Tris (hydroxy methyl) amino methane]
(Sigma) ' ' :
Common salts used in the preparation of buffers were of

analytical grade ‘and obtained from various sources.

4.1.2.3 Antibiotics and Serum & éerum'Product-
Albumin (Eovine), Fraction V (Sigma)
Benzylpenicillin (Penicillin-G), sodium salt (Sigma).
Dexamethasone (Hexadral Phosphate Inj. ),
sodium phosphate (Organon)

Hydrocortisone (solu-Cortef Inj. ),sodium
succinate salt (Upjohn)

Insulin (Toronto-Insulin) from beef and
pork, zinc salt (Connaught).

C

Serum (Fetal Bovine) mycoplasm tested and
‘ virus screened (Gibco)

Streptomycin, sulfate sslt.(Sigha)
Transferrin (Siderophillin) from hgﬁgﬂ_(éigms)
| \v ' i | 4

4.1.3 .Water |

Water utilized in the prepsration and maintenance of
cell cultures was pyrogen-free, triple glass-distilled,
demineralized water ‘obtained with a Corning AG-11
Distillation Unit (Corning). All water was obtained'at the
ma ximum purity setting and sterilized by autoclave (125'C, 15

psi, 45 min.) prior to use.
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4.2 1RSTRUMENTATION
el -
4.2.Y Gaa-L:lqui%n Chromatography_
4.2.1;1 "Flame Ionization Detection
Gas-liquid chromatographic (GLC) analyses incorporating

flame ionization detection (FID) were conducted on a Hewlett-

Packard Model 5710A gas chromatograph connected to a Model

-

3380A integrator. GLC packed glass columns and operating

co?ditions are 'listed in Tabie 6. »For'ana\lysis by capillary
column, a 52 m SE-30 (SCOT) g‘las's column (i.d. 0.4 mm) (SGE)
was used .>with temper;ture programming from 150-250°c
(4°/min. ). Flow rate of the carrier gae.\ helium, was 3
ml/min. (17 psi:). ;[x:jection port and detector temperatures
in all instances were 250°C and 300°C respectively.

4.2.1.2 Electron-Capture Detection

For electron-capture detection (EC-GLC), analyses were

performed on either of two available systems. ~ Both were

equipped with a 15 mci Ni source 1linear EC-detector, |

and operated at injection port and detector port temperatures

of 250°C and 275°cC" respectively.

| One EC-GLC, which was ueed with packed columns
(Table 6), was a Hewlett-Packard Model 5730A gas chromato-
-graph (Model 3380A integrator) The carrier gas and make-up

gas at the detector were both argon:methane (95:5). Flow

-
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-rate at the detector was  the same as that through the column
(Table 6). ‘ |

The second EC—GLC was a Hewlett—Packard Mo;lel 5830A
chromatograph (Model 18850A integrator),' equipped for

: capillary GLC. A20m Carbowax 20M fused sn.llca capillary column

(Supelco) was used with temperature programming from 80-220°¢ C_ \

(20 /min. ). | Carrler gas (helium) was at 7 p_s_i_ and detector

make-up gas, argon methane (90:10) was‘at a flow .rate of

.36 ml/min.

SR M4.2 2. Gas—Liqu.{d Chromatography - Masa Spectrometry

:f'__”l.2 2.1 Electron Impact Mass Spectrometry

o Electron i Impact’ Mass Spectral (EI MS) analyses _' were‘
.' —carrled out on a Hewlett Packard quadrupole mass. spectrometer .
Model 5981A attached to a 5934A data system. The .1nl‘et‘
system comprised a Hewlett-—Packard Model 5710 GLC equipped
for packed columns. > MS operating conditions . were:
ionization enerqgy, 70 eV" scan Speed, 100 amu/sec,. dwell
time, 200 msec. ; ionizatlon source temp 180°C; separator
temp. same' .'aa GLC oven temperature. ﬁGLC columns _and
coperating conditions were as described above for GLC analysis
with packed columns.
4’.2k.2'.2 Chemical Ionization Hasc spectrometry

Chemical Ionization Mass spectral  (CI-MS) ‘analyses were

performed on & doimbineddHewlett-Packard Model .5840A GLC/5985
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- mass spectrometer with dual El/CI sources and a Model 7920
data system.. CI-MS operating conditions: electron energy,
'175 er‘reactant gas, methane, ion source-: pressure, 0.6 Torp.p
CGLC operating conditions used a 10 m SE-52 fused silica
capillary column (Supelco) with temperature programming 80-
28000;(30°c/min.)r Flow rate of carrier gas, metnane, was.

4 ml/min.

4;2,3_ Nuclear Magnetic Resonance and Infrared Spectrometry’

Nuclear magnetic resonance-(NMRé spectra were” recordedi\'

'_ on a Varian EM 360A 60 MHz NMR spectrometer.:“ Deuterated."
bichloroferm (CD013) (Aldrich) was uSed as “the. solvent and"‘
tetramethylsilane (TMS) (Aldrich) as the reference standard.

‘ ‘Infrared " (IR) spectra- werev recorded on .an UniCam
SP 1000 infrared spectrometer as. films. between NaCl plates or

incorporated in KBr discs.

4.2.4 Ultraviolet and Colorimetric Spectroaoqpy

All ultraviolet (UV) measurements were obtained using.. .-+ -

an Unicam sp’ 1800 double beam . ov . spectrometer with linearff_ﬂ

strip chart recorder. Colorimetric measurements were per—
formed on a Bausch & .Lomb Spectronic 20 Spectrophotometer.

All readings were recorded as absorbance values.
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4.2 5 0ptica1 Pélarimstry
Optital rotation measurements were made using a Carl
'Zeiss Circular Polarimeter* 0 01°* equipped ‘with a sodium D

- ) R = g

ylamp (589 3 nm) R Ced el

4.2.6 'l'hin—Layer Chromatography "l
In some cases where purification of substrates or of
extracts from metabolic experiments was required, thin layer

chromatography ('I'LC) was performed. Samples were usually run -

won TLC plates spread to. -a. thickness ‘of 0.25 ‘mm with Silica

Gel 60 F—254 (EM). A number of different solvent systems
._were utilized and compcfunds ‘were.. detected by short-—wave UV

- e

'1ight (254 nm)
4.2.7 Micros.cop‘y' and Photomicroscopy

i,ight'microscopy of.isolated cells yas performed 6n an

Olympus Inverted' Microscope (Model CKC-II) with phase

contrast attachment. Photomicroscopy was carried out on a

',,,,Leitz Wetzlar Dialux-Pol Polarizing Microscope (with built -in

© light - source) connected to & .Leitz System Camera. Photo—-

-graphs were taken on Instamatic Polaroid Film (Land Film Type

107).
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4.3 ANIMALS

o 4e3.1 _Geperal Bandling S

— 'Y

- ..

Two species of animal (rat rabbit) and two strains of

7rat .(Wistat,» Sprague-Dawley) were used, depeqding on -the" " "~

PP

bstudy.'“Male, Wistar white rats (Woodlands Lab.) and ‘-male,

" New Zealand white rabbits (Vandermeer Farms) were utilized

essentially for in vitro liver homogenate and in vivo urinary

, metaboliSm -studies.." Sprague—Dawley rats .(malé, female)“)

acquired from Bioscience Animal Sdrvices were used. to supply ‘

"fetal neonatal, and adult tissue for isolated cell studies.

' Randomly’ obtained rats Were used early in the study, but

subsequently inbred rats were utilized.
All animals were allowed food and water ad 1ib until.
required for experiments- rats were. maintained in plastic

cages on cedar chip beddingp'and_rabbitg were housed on wire

suspension -cages. 'Conditiohé'Were‘adjuated 80" theé animals

would be subjected to days consiating of 12 hours of continu—

Qus .1ight, followed bY 12 hours of darkness. v

¥
-

4.3.2 Broken Cell Studiea

4.3.2.1 Preparation of Cell Practiona from Liver/Brain

Tinsue

Adult, male animals were fested overnight and sacri-

ficed by cervical dislocation. - Livers. and/or brains were
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removed immediately and Placed in ice-cold 1.15% (isotonic)
KCi buffér, Alljsubseduent“procedhres'Qere carried out ag
.4°C. A 20%. (w/v) tissue homogenate was pr;pared using a
{Potter homogenizer with a Teflon pestle, and centrifuged at

sooxi,for 15 minutes to remove unbroken cells, cell nuclei,

and tissue'debris. The tissue supernatant was prepared by

centrifuging the SOOXE homogenate at 10 000&& for 20 minutes.~7~"'

" and adjusting the volume of the clear fraction with 1.15% KCl
”solution 80 that 1 ml supernatant corresponded to 0.2 g of
original tissue. The mitochondrial fraction was obtained by
collecting . the lﬁ‘OOOXg density pellet of the 500xg
nomogenate.

Portions of the 10 OOOXH supernatant were centrifuged

at 105 000Xg for 60 minutes at 4 C to obtain the microsomaljl"’

"fraction (105 OOOXg resuspended pellet) and cytosol fraction

(105 OOOXE supernatant). Protein contents of the microsomalﬁ~

”and cytosol fractions for standardization o£ enzyme activity’

“ were determined by ‘the’ method of ‘Lowry et al. (44)) ‘as
' -modi,fied by Miller (442).

4.3.2.2 standard In vitro IncuhationsProcedures '

The substrates (dissolved .in 0.1 ml 95% ethanol) were
added to open 25 ml Erienmyer flasks containing tissue

(10 000xg supernatant, microsomai ;fraction, or cytosol

fraction) corresponding to ~0,2~g originai, liver or brain

tissue and either an NADPH- or NADH-generating system
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(glucose-G-phOsphate, 20 umol: MgCl,, 20 umol; &Ab?#} or
NAD+, 4.4 umol) in Tris-KCl buffer, pﬁ-?.e‘(total volume
6.0 ml/flask). 4
Mixtures were incubated ‘at 37°C for 60 minutes in a snaking
Dubnoff incubatdr (120 rpm) under atmosphere. Incubations
‘were terminated w1th the addition of 0. 2 ml of 3 N perchlorlc
acid. <

In eeme instances the.glucose-G-phosphate dehydrogenase
system described above to generate NADPH /NADH was replaced
with a standard isocitrate dehydrogenase system. This
involved the addition to the tissue fraction of NADP+ or NAD+
(6.0 umol); isocitrate (30 umol):; Mgc1y (20 umol ) ; and_d

Mn012 4H20 (20 umol) ip Trig~KC1l buffer -(BH 7.4) for a

‘._“de!\

“Wtotal volume of 6.0 m1/f1lask.

Any modlflcatlons made to either system are descrlbed
- : SN T N
in the text. Lo - S T T
. ) .
4.3.3 . Isolateq, Intgctuﬂepatocyte Studidp
. o ' B
4.3.3.} Preparation of Hedia and Buffers

Defined media and buffers obtained\fn the powder form
from commercial sources, or f§rmulated durirng the studies,
were prepared using sterile, deionized, trhple' distilled «
water, and were immediately resterilized by fﬁltration using
a 0.22 um membrane filtration unit (MP Corpz) All media
were supplemented with penicillin (100 U/ml), streptomyc1n

(100 ug/ml), and transfervin (3 ug/ml). /Further modifica~

|
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- tions to \the culture media are discussed in the text.

A“Substaﬁces ‘to be incorporated _were. added directly- tol the’

media or werevdissolved ia Hormone Solvent (Sigma) prior to

addition.

£
”of_liver tissue included the following formulations:

'gurfer~A: 1é.3g'NaCl{ Q.SQ KC1, 2.4gYHEPES,>H20rto 1000 ml,
' adjueted to pH 7.4'with.l M NaOH. | J
Bufier B: 8. 3g NaCl, 0.5g KC1, 2 4g HEPES, "’ 0 lg EDTA (tetra—
| sodium salt), 0. lg EGTA (free acid), H20 to
100 ml adjusted to pH 7.4 with 1M NaOH._.
Buffer C: 3.9g NaCl, 10.5g KCl, " 0.7g CaC12-02H20, 24.0g
| HEPES, O. Sg collagenase, - H20 ' to 1000 m1, ad-'
_ jwsted to pH 7. 6. with 1 M NaOH. ) | _
Buffer .Dz‘.. 8. 0-g NaCl, ' 0.20g KC1, O.IOg C'a'C12-2I-’120,,‘ 0.10g
MgCl3-6H0, 1.153  NagHPOg4 - 2H;0, 0.20g
KHPO4, _ 1.5g trypsin‘ '(1=250), H20 to
1000 ml, adjusted to pH 7.4 with 1 M NaOH (733).
All dissociation buffers were, equllibrated with carbogen gas
(?5% 03, 5% CO5) and warmed to 37°C. prior to use. '

A ' . ,
The composition of the buffer employed as the gelling

v solution during the preparation of cell entrapped carrageenan

'k

beads (immobilized celle) was as follows:

Non-commercial solutions employed for the dissociation
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Buffer E? 12}09 Tris . base, 6.04 KC1, 2 4g CaClg Hz@.

H20 to 1000 ml,- adjusted° to pH - 7 4 (at room -

temperature) with 5 M HC1 (approximately 20 ml)
-This buffer was sterilized by steam under pressure

(125°c, 15 psi, 45 min. ). |
4.3, 3.2 Preparation of Isolated Hepatocytes
- 4.3.3.2.1 Adult Rat Bepatocyte-

'«4 Male, SpragueﬂDawley rats. weighing 200-250 é[ were
fasted for 24 hours prior to isolation of 1iver cells.
:,Surgery was routinely begun between 0730 and 0830h. : The
liver perfusion metbod developed by Seglen (256) for
1solating hepatic cells with collagenase was used w1th some.
modifications. All procedures were carried out under strict
aseptic conditions in a Laminar Flow Hood (Can. Cab. ) and all

equipment, buffers, and media were pre-sterilized.

' Rats were anesthetized with an pr injection of sodium L

pentobarbital (Nembutal Sodium, Abbott, % mg/100g body wt. )

The abdomen was opened and the portal vein (vena'porta)

exposed. The lower portion of the vein was tied off, and the
upper portion cannulated with sterile IntraMedic pPolyethylene
tubing (PE- 50) (Clay Adams), which had ~been bevelled and
:~rounded off. " -l , ' ' ) _ i
An ini‘hal’ washout perfusion of the liver in situ

(flushing without recirculation) was started immediately upon
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¢‘cannulation,'at a'flow-rate of 15- 20 ml/min. with the warm
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(38 C) Ca . free buffer (Buffem A), and continued for 4~

.'a; 5 m;nutes to%remOVe the blood from the tissuea The perfusion

.

A'equipment _was as shown in Fig. 17. If necessary,‘the llver.

lobes were gently manipulated in order to facilitate the'

complete removal of blood. It was very important that the

liver tissue was uniformly perfused, andsvall forms of

‘s

wascuraraocolusions Were avoided. After the liver was com~

pletely.blanched * wmt was. nmde in-. thexlower -vena- cava .to.»

Hpermiit free outflow, and the perfusion. medium was. changed to

b?‘

Buffer B which contained the chelating agents ( 26 mM EDTA,

+26 YTM EGTA) (Slgma) - . ¥, | ; "7 . =

. While being perfusedu the liver was cut loose from the

carcass and positioned on a stainless steel net supported in =

a glass beaker (with outlet): After 5-6 minutes, perfusion

-

-

w1th Buffer B, the buffer wasvreplaced with Buffer A (2 min.)

in order to wash away the remaining EDTA/EGTA. Finally the
liver was perfused with a 0 05% 'collagenase solution
(Buffer C) at 30 ml/min. with rec1rculation of the perfusate.

After approximately 10 minutes, ‘the consistency of the tissue

was soft enough to disintegrate on pressure, and was easily*

dispersed (in the collagenase buffer) with a stainless steel
comb while being held at the portal region with forceps.
Combing was continued until only a- white residue re-

‘mained on the mesh. From then on the cells were maintained
at room temperature. . The detached cells were; completely

o



_Flgure 17, schematic mse!itatiﬂl’IOfﬂe@dtﬂt liver perfusion = -
apparatus: 1) liver, pe.rfusedthmughportal vein; 2) reservoir,

@ Cat+ free buffer, (B) EDTA/EGTA buffer, (C) -collagenase buffer.

A1l solutions were pre-warmed to -37°C and saturated with carbogen
gas; 3) water-jacketed coiled tube maintaining perfusate - ,
temperature at 37°c; 4) peristaltic pump;

5) collection beaker with stainless steel
‘ tubing
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dissociated from one another'by gently passing the perfusate

thrOugh a 21 gauge needle. The resulting crude cell suspen-

108

sion was filtered through a. stainless steel screen cof 131 um. . .

15 m1 sterile, disposable,-centrifuge tubes (Corning) The

liver parenchymal cells were purified by resuspending ‘the

' cell pellet in MEM and recollecting the cells by centrifuga—~

tion at 250 rpm (5 min.){ This step was repeated twice more
-/ . ,

- with. reCOVery of the. cells the first time at 100 rpm (7 min. )

and secondly,at 60 rpm (10 min.). The last pellet containing

the purified hepatocytes was finally resuspended in the

. pore size and the- cells pelleted at 400 rpm for 2 minutes in

-~

- medium in which they were to be seeded.- Concentrations of

s1ngle cells were calculated through the use of a hemacytom-‘

eter. - The percentage of viable hepatocytes wasadetermined
based. on the ability of cells to. exclude trypan blue  dye
following the mlxture of one part cells to five parts 0.4%
trypan blue (1sotonic solution) (Gibco) for 5 mln. at 23°C
(388) The proportion of cells to incorporate the dye was
then determined by light mlcroscopy |

The time from beginning of surgery to incubation of

cells was 1.5~2 hours.

4.3.3.2.2 Fetal/&eonatal Rat Liver Cells
Fetal (15-19 days EE:) or newborn (1-7 days old) inbred
Sprague-Dawley rats were used for this study. Animals were

decapitated and livers were aseptically removed and

< atoq o .

s
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temporarily pPlaced in cooled (4°Cc) MEM containing 10% FBS.

The pooled livers were carefully minced with a scalpel blade.,”.

A

into fragments approximately 1 mm3 . in size- 'I‘he PBS was-_ -

‘then 'siphoned away, ‘and the mince was transferred into

stoppered flasks containing:lo volumes of the dissociation

medium which consisted of 5 parts collagenasé buffer (Bmffer

'C) and 1 part trypsin buffer wsufféf*b)'-~’The‘ﬁixfﬁre was'

s..'a-:.h-i

*Jntubated ab‘37 ¢. “for- 20 minutes in a“rotafy shakfng water—”°

bath - (150,rpm) The flask was removed and the tissue allowed

“to settle for 5 minutes. Supernatant from this first enzyme

. treatment was carefully poured off and disqarded-- Thfee'

further incubations were carried out using successive enzyme —

ratios (collagenase : . trypsin) and incubation times of 5:2
(20 min. ), 1:1 (15 min.:) and 2:5 (10 min.). The supernatants
from these three treatmerits were' combined and filtered to

*remove any undigested tissue. Because of  the presence of

semi digested connective tissue, the suspension medium takes

on a viscous nature where the cells tended to become attached

together_ with 1ong mucinous strings. This necessitated

dilution of the suspension with MEM in order to decrease. the
viscosity and permit collection of the cell pellet by centri-

fugation.‘ Dilution was normally repeated five or six times

before the cells could’ be settled out. The loosely packed

cells were resuspended in the appropriate culture medium.'

Cell yield and viability.were determined in the same manner

as that employed with adult hepatocytes, and the suspension
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was adjusted to a final concentration of 2 X 106 cells/ml

Y

nwdium..;i Co ot
.3 3 3 Standard Cultnre Conditions and Preparations
4 3.3. 3. 1 Monolayer Cultures ‘
4.3 3. 3. -%. 1 Preparation of Rat Tail cOllagen SOlution
Approximately d g of collagen fibres (Eendohs) were .
dissected bf?éﬁ twonurat tails and placed in” ;Eéfiié ﬁid :

Tendons were minced with sterile scissors and suspended in

300 ml of ‘a sterile 1:1000 solution of acetic acid in H20.

| The minced tendons were soaked for 48 hrf with occasionali

'shaking. At 48 hr. - the undissolvea fibres were removed by't:b

P LR sty

'centrifugstion’ ‘and’ ‘the .clear solution stored in a sterile‘

L® - e ab - n

container at 4'C (443) . ” :i . : A

4 3.3.3.1. 2 Preparation of Gollagen Thin-Layer \
The' collagen solution described -above™ (l 5 ml) was
spread.ebenly in 60 mm Nunclon plastiC‘tissue culture petri -

dishes tor” 0 THml in’ 40 mm dishes) (Nunq‘) The plates were

e

placed in a drying oven at 70°C for 12 hours, at which time ai"

thin-layer of collagen residiie rémained. attached to the .
bottom of the plastic dish. The plates were then rinsed
several times with 2 ml MEM in. order to remove any remaining

acetic acid. .h'

1]0



4.3 3. 3.1 3 Preparation of Collagen Gel

Collagen gels were made by heat gelation of solublet.f” o

col?lagen at neutral ph in ‘the following way~ -

'I'he collagen solution was spread in ‘the 60 ‘mm culture.' g

plates as described above for the thin-layer. ‘To this was
ad_ded.O.S ml” (o, 2 ml for 40 mm plates) of a 2: 1 mixture .
‘consisting of 10x concer\trated Waymouth 8 MB751/1 Medium and ”

0.5 N NaOH. The mixture was. stirred An . the culture plate for;

approximately 20 sveconds,- an¢ placed in an, incubator at 37°C
in a humidified atmosphere for 1 hour. | 'Ifhe incubation
resulted in fOrmation of a stable gel. :

e . .
PO, - -

'4.3.3.3.1. 4 Preparation of Ploating COllagen Hembrane
- "I‘welve hours after inoculation of the cells on to the
collagen gel, the gel was’ loosened from around the edge of
the culture dish with a sterile Pasteur pipette.A The plate
was gently swirled, allowing the gel to completely detach

from the plastic, and float around freely in the culture

medium..

4.3.3.3.1.5 Incubation Conditiona

For a typical culture, 2 x 106 adult hepatocytes (or_'
5 x 106 immature cells) in 3 ml of medium were plated in'
60mm tissue culture plates. The cultures were: maintained in

a humidified environment of 95% 02 - 5% CO3 ~at 37"C.'

After 8 hours incubation time, - the medium and non-attached



e

ﬁeai“m;" SUbsequent medium changes were made at 24 hours and“”;>'?;

nevery 48 hours thereafter, unless otherwise stated. The. pH

values of’ the cultures were monitored: by the preésence’ of
Phegpol red indicator dye in the medium.
' Any substrates _to be added ‘'were dissolved in HBSS,

sterilized by membrane filtration, and usually included along

Tl

'with the first change of medium. : I .

CEN
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4.3.3.3.2- Suspension Cultures : - S «

_For' long-term. suspension cultures tgreater than 12 hr),

"7 cells ”ﬂmatureyu Gs/ml medium; immature, 5 x 105/m

RN

medium) were introduced ‘into pre—silanized, .three—necked,
round bottom flasks (Fig. 18). Considerable effortﬁwas made
to duplicate“the'proper incubation conditions of atmosphere,
temperature>and sterilityr Becausecof the large volumes of’

) . i . . . @ ., ) .
medium involved (150-300 ml), a ‘humidified atmosphere was

~assured. Evaporation of the medium was not a'prohlem.‘ Cells

were kept suspended by an overhead, motor driven stirring
rod.

For shorter-term suspensions ( less than 8 hr. ) which

were used for quantitative metabolism studies, cells (mature,

5 x 105/m1 medium; immature, 2.5 x 106/m1. medium) were
placed into pre;silanized,. covered. Erlenmyer flasks and
incubated in a rotary shakin'g waterbath. (60 rpm) a.t 37°C

under a carbogen gas atmosphere., Any substrates were added

. s R h . A R - -~ . Y P
e, - T LT e A T P
- ., » kY - .- " = N

oo

" cells were- removed - and. replaced with fresh pre-warmed



13
C ey e

- -~ . VY TN
. B e L

£S

. FIGURE 18+ . Schematic representation of the’ longtern ‘suspension - - -

.. Gulture apparatus: 1) pre-silanized, three-necked round bottom .
flask, containing 150-360 ml medium. Temperatiire maintained at - L
* 37°C through use of a water bath; -2} -overhead; ‘motor driven” =

-stirring rod for suspension of cells; 3) gas inlet with sterilizing
(10.22 ym ) filter to maintain carbogen atmosphere. <
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. incubation.

“am - sterile isotonic  solutions }ﬁtu.the’fheginning-fof‘ the
P i ) i - k . - - Y N R

4.3.3. 3 i Immobilization Culturen

Freshly’ isolated adult hepatocytes were: 1mmobilized in

a semi-permeable matrix in the folloWing manner. A 4% iso-

‘tonic solution of NJAL 724 carrageenan (FMC) 'was prepared

(0.12 ¢ NaCl, O 4 g carrageenan, H20 to 10 ml, adjusted to
PH 7.4 with HEPES) and sterilized by autoolav1ng (125 C, 15

psi, 10 min. ). Immediately fOlloWing ster&lization, in order

. to prevent congealing the solution was kept at 40° until

used. The isolated hepatocytes, adjusted to a concentration
of 25-30"x 106 cells/m) medium. and- warmed “to- 37°C, were
mixed with twice the volume of the carrageenan solution to

give a final carrageenan strength of 2.6%. Very rapidly,:

'this mixture was added dropw15e throu@a a 23 gauge needle

into a sterilized gelling solution (Tris-KC1~ ~CaCly; Buffer
E) maintained at room temperature. The carrageenan
1mmed1ately gelled upon coming into, contact w1th the metal
cations (K+, Ca++) in solutio; and the lower temperature.
The reeult was’ formation of atable, seml—permeehle,_ bead-
shaped gels, approximately 3mm in diameter. The beede were
cgflected and rinsed with normal saline to remove excess
salts.

Typically 14-16 g of beads were produced during a

single experiment containing approximately 150 x 106 cells
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. XlQ7~ cells/g ‘carrageenanf :iAliquots of vthe hepatocyte
entrapped beads correspondlng to about 5 x 106 tells were
placed into 60mm culture plates along with 5 mi medium. |

The complete culture media consisted of 2 parts DMEM/F~
12 (1:1) medium and 1 part modlfled Buffer E (adjusted to pH
7.7 at RT which equals pH 7.4 at 37°C). Medium was supple-
mented with 20% FBS, pPenicillin (100 U/ml) and transferrin (3
ug/ml). ~Incubation conditions were carried out. in the same

manner as cells seeded as monolayer cultures.

4.3.3.4 Enzyme Asﬁay’Procedurcn

For the- measurement of cell" enzyme activities,
published procedures for the assay of tyrosine am1notrans~
ferase (TAT) (444) and lactate dehydrogenase (LDH) (445) were
" used. In studylng the survival of attached celils it was
found to. be difficult to detach the hepatocytes from the
substratum by trypsinization (446)- Cells on plastic or thln
collagen layer were scraped off with a rubber spatula, homog~
enized, and cellylar debris removed by centrifugation.v , A
small aliquot of the supernatant was used for the ‘assays.
. Hepatocytes embedded into the collagen gel or Floating
collagen membrane were disrupted by sonification followed by
homogenization while still attached to the 'substrate.
Collagen debris was also removed by centrifugation and dig
not interfere with measurement of enzyme activities. Assays

could also be performed on cells entrapped within the carra-
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geenan beads by similarly separating the matrix from the~
‘medium. '_ After dieruption‘ of £he' cella »(soni-fieation.'
homgenization). the carrageenan waa,removed by high apeed
-centrif'ugation-' (3000 rpm) leaving the Clear supernatant:
containing the enzymes for testing.' . '
Cellular protein levels were determined in the same

manner as with the tissue homogenates (441, 442)
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‘4.4~ ANALYSIS OF METABOLIC PRODUCfS'
4.4.1 Ketones, Hetaboiites. and.Related Compounds
4.4.1.13~Quant1tative Analysis of Metabolites (in Vitro)
For‘quantitaticg of metabolites from in vitro incuba-
tioﬁs, an ‘internal standard (cyclohexylacetone, 0.1 or 0.4
umol) was added to the incubation flasks just prior to
extraction. Incubation mixtures were adjusted td PH 7.4 with
10% NaOH, and extracted twice with an equal volumerf a.
disti%led diethyléther-methylene dhloride mixture (3: 2) The
extracts were concentrated on a water bath (42 °C) to 30 ul
and analyzed by GLC.
For the quantitation of the dlastere01somers of
l-phenyl-~1, 2—propanedlol, additional 1ncubat10n mixtures to
which allylbenzene (0.1 umol) was added as the internal
standafd wereﬂeitracted as above, but were eQaporated to
'drynéss. Each metablic residue was then treated with 20 ul

TFAA prior to resolution of the erythro and threo isomers by

GLC.

4.4.1.2 stereochemical Analysis of Metabolites (In Vivo/ln

Vitro)

4.4.1.2.Y Experimental PXocedure and.thraction
The in vivo study involved the oral admlnistration of

each substrate to ratsg (male, wistar, 250 g) and rabbits

-y
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(male, Newaealand”Whitee; 2 kg). The animale were housed

AN

separately in metabolic cagel and urine was collected over 48

houre and stored at 4‘8 until examined. -Bulked urine eamplee“

from each group of treated animals were dfyided into - three

equal portiona. | One portion was adjueted to PH 7. 4 with'

J€

aolid sodium. bicarbonate and extracteﬁ three times with equal .

volumes of a dietilled diethylether-methylene chloride mix-
.ture (3:2) ‘A second portion was buffered to pH 7.0 with
. phosgPate buffer and hydrolyzed for 36 ‘hours at 37°C after

the addition of B glucuronidaee (15 000 U/ml). The sample

was then extracted as above after re-a/~ueting the pH to 7.4

:\j
with eodium bicarbonate. The third portion was acidified to

'pH <1 with cone. HCl and autoclaved at 125°C and 15 psi for
45 minutes. | After hydrolysie was' complete,- the pH wae
A returned to 7.4 with 10% ﬁaOH and the resulting solution was
ﬂextracted as described above.. o

; éor the in vivo etudiee, each substrate (phenylacetone,
propiophenone, or l-pheny-l 2-propanedione) was incubated

under etandard conditigna with 10 OOOXE. liver homogenate

eupernatant (rat or rabbit) fortified with either an NADPH—

or an NADH-generating eystem._ Extraction of metabolic '

\

products ‘was carried out as described for the first portion
of the in vivo study. - | | |

All extracte ‘were’ concentrated and yielded yellowish
-oila, small aliquots of which were used for derivatizat on

and analysie.
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."4 4.1.2.2 Derivatization ‘ R
R( )-Menthyloxycarbonyl derivatides were prepared as
follows: 100 ul of a standard R( )-menthyl chloroformate‘
solution (50 umol/ml toluene) were added to a small portion
of the concentrated extract (20 ul) dissolved in 100 ‘ul
‘pyridine. The mixture was allowed to react at room tempera-
ture for 30 minutes. After washing with water (ﬁ ml)ysthe
organic phase was removed, dried over sodium sulfate and
concentrated under nitrogen to»S ul, of which 0.2 ul was used’
for GLC. - .”;;1
'N-(l-Phenylethyl)urethanes' were prepared hy addingva
50 ul. af an S-(+)- a-methylbené&l isocyanate soluticn '(30'
,umol/ml toluene) to a- portion (20 ul) of the concentrated
'.extract dissolved in 100 ul toluene. The mixture was tightly‘

sealed under a nitrogen atmosphere in a Reacti-vial (0 2 ml,

Pierce), and kept at 120 C for 2‘hours. "The . reaction mixture’

B £

was concentrated to §' ul under a Na stream’ and a sultable
portion used for GLC analysis.;‘

GLC resolution of the erythro and threo. diasterio-'j
isomers of l-phenyl-l, 2-propanediol 'was accomplished by

converting them to ‘their 0,0- di(trifluoroacetyl) derivatives

-

in the same ‘manner as’ reported inm Section 4.4. 1 1, except

-

that an internal‘standard was not addeé.to{the‘biological,

sample. . ‘ ‘ B
: = . ' N



e e r————— e PO C T it o anges

120

. 4.4;2 Trace Metabolic Amines

. 4.4,2, 1 Rat Brain Hetabolinm

4. 4.2 1 1 Bxperimental Procedure (In Vivo/In Vitro) and[

[y

Preparation of Biological Samplea ‘

Male Sprague-Dawley rats (150 + 20 g) were used.tiForb
-the“in vivo studies,.rats were given a single injection (ip.)
of 74 umol of each substrate,' amphetamine HCl, \R-hydr_oxy-
amphetamine HBr, norephedrine HCl, or;gfhydroxynorephedrine
‘H_Br, (10.0, 11.19, _11.1“9: and 12.37 mg/kg respectively,
calculated as‘the free baee) Compounds were adminietered in
normal salinehj Control animals were concurrently injected
(ip.) with 0. 2 ml saline.- All animals were sacrificed{
' exactly 60 minutes after treatment."The‘compiete brain was
rapidly removed and ‘homogeniz d in three volumes of cold
© 0.4 N perchloric acid and cent ifuged -at 10 OOOXg. for 15_
‘minutes. Supernatant equal to 1.0 g whole brain was used.in
the analysis. | |

| For the in vitro studies, substrates (I.O_umol) were
incuhated_ under"'etandard conditions * in the presence of
10 000Xg rat brain snpernatant 7(6.5 g original tissue)‘
fortified with an NADPH-generating system (modified volume
3.8 ml). - Incubations were terminated after 60 minutes by the

addition of 0.2 ml of 2 N perchloric acid.
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4. 4.2 1.2 thraction and Deri‘ratization
Tissue samples [in vivo brain supernatant (4 ml) or in‘

li_tgo_ incubation mixture (4 ml)], to which 1.0 ug of
R—Chlorophenylethylamine was added as internal standard, swere
adjusted ‘to pH 7.8 by the addition of solid KHCO3. After
-all effervescence had ceased, 500 ul’ sodium phosphate buffer.
(0.1 m, pH 7. 8; ‘was added to each sample, which were then
centrifuged (2 000)(\9_) to remove any prec1pitate (protein,
'potassium perchlorate) formed. The . supernatant was removed
‘and agitated (1 0 min.) with 5.0 m of a 2.5% solution of
‘di(2,—ethylhexyl)phosphoric acid ‘(DEH‘PA-)- (Sigma) in chloro-
form. - F_ol]fowing separation of the two phases by centrifuga'—':'
.tion (5 min., 1 000)(3), the aqueous layer was discarded and
'the chloroform layer back-extracted with 3.0 ml of .5 N HCl.
The agueous layer was -retained‘and basifiéd with' -solid-

v

- NaHCO3.

[N

Procedure A - For the analysis o.f amphetamine and norephed-;

N

rine, the ‘basified solution was adjusted to pH 9.0 with 10%

NaOH and extracted with 4.0 ml of ethyl acetate and the
,organic layer was evaporated to dryness under a stream of
'nitrogen. The residue was perfluoroacylated and treated
further as described below.

-

Procedure B - . For the. analysis of p—‘nydroxyamphetamine and

v.p—hydroxynorephedrine. ‘ acetic anhydride (300 ul) was adde



the basified solution followed by small’ additional quantitiee
of NaHCO3 with shaking until all effervescence ceasedw
Ethyl acetate (4. 0 ml) was added to the aqueous phase and the
mixture shaken for 2 minutes. To " the eeparated oroanic
layer, 300 ul of 10 N NH4OH was added and_ the 4mi;ture ‘
vortexgd for_30 minutes. _Addition of 300 ul of 6 N HC1 wasdr
followed by shaking (20'sec.) anducentrifugation. The ethyl
acetate layer'wae'removed and evaporated to dr&nese under
| ' The.‘re_ei_dues' obtained from Procedures A and B above
'weré separately dissolved in 35:ul-ethy1 acetate. To this
'“was addeé 75 ul of either pentafluorOPropionic ‘anhydride
(PFPA) or trifluoroacetic anhydride (TFAA), and the enauing—
reaction was allowed to proceed at’ 85'C {60 min.) or RT (30.
min. ), respectiVely. Each mixture was evaporated to dryness,
. and the residue was partitioned between toluene (200 ul) and
0.1 .M sodium phosphate buffer‘(zoo ul: PH 7.4). Each organic

layer was retained for EC-GLC and GLC-MS analysis.

4 4.2 2. Ieolated Hepatocyte Hetabolitee
Cell cultures being: analyzed for thydroxyamphetamine
ae a metabolite of amphetamine (1. 0. umol) were prepared in
| the . same manner as they 'were for enzyme aeeaya
(Section 4.3.3. 4) “Prior to actual analysis ueing assay
Procedure B as deecribed in Section 4 4.2.1, 2, gome of the

eamplee were-enzymatically treated to hydrolyze any conjugat—



ed metabolite. ~ The samples were buffered to pH 7.0 with
phosphate buffer and incubated at 37°C for 36 hours after the .
addition of B- glucuronidase (15 000 U/ml). _l!g;irqus;ls was

terminated by the addition of 0.2 ml of 3 N perchloric acid.

4.4.2.3‘ Urinary Metabolites (In Vivo Hepatic‘nletaboi'l‘sm) :

| Forty-eight -hour wurine sahples we:e. collected from
male, Spragx}é-Dawley rats (150 + 20 g) -administ.ered":w.ith

amphetamine (10 mg.‘/kg,“ ip.). Prior to anélysis for g-hlydroxy-.
gmphétamine :vus:'lng assay Procedure B .V(Se‘cti'on 4.4.2.1.2),

urine ‘sampies were tre#ted in. the manner described in Section

. '4.4.1.2...1, which involved; i) no pretreatment, ii) enzymic

‘Hy'dr‘o'lysis with B-glucuronidase, and iii) acia hydrolysis.
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4.5 COMPARY LISTINGS

Abbott -~ Abbott Laboratories, Ltd., Montreal, Que.
Aldrich - Aldrich Chemical Company, Inc., Milwaukee, Wis.
B&L -~ Bausch & Lomb,’Rochester, N.Y.

Bioscience. Animal Services - Bioscience‘ Animal .Servides,
‘ University of Alberta, Edmonton, Alberta. [ o

Can Cab. - Canadian Cabinet Company, ‘Ltd., Nepean, Ont.
Carl Zeiss - Carl Zeiss, Oberkochen/Wuertt., West Germany.
Clay Adams - c1ay Adams, Parsipbany, N.J. ‘ '
Connaught - Connaught Laboratories, Ltd., Willowdale, Ont.-

Ty

_ orning - Corning Glass Works, Corning, N.Y.

hEastman‘- Eastman Kodak Company, Eastman Organic Chemioals,
Rochester, N.Y. " : ) S

>

EM - E. Merck Laboratories, Inc., Elmsford, N.Y.
FMC - FMC Corporation, Marine 8olloids Diviaion, Rockland, Md..;.
GIBCO - Grand Island Biological Company, Grand Island, N.Y.
"Hewlett-Packard - Hewlett-Packard Instruments, San Diego, Ca.
KL - Koch-Light Laboratories Ltd., Colnogook, England.

Leitz Wetzlar - E.. Leitz (Canada) Ltd., Midland Ont.

MCB - Matheson. Coleman, & Bell Manufaeturing Chemists, "
: - Norwood, Ohio. <« o R

- MP Corp.'- Millipore Corporation, Freehold, N.J.
Nunc « Nunc, Roskilde,.Denmark,
'Organon -~ Organon Canada'Ltd., Toronto, Ont.

)

P&B - Pialtz & Bauer, Ind., Stamford, Conn. o o

~ Olympus -~ Olympus Optical Company, Ltd., Tokyo, Japan.

Pierce - Pierce.Chemical Company, Rockford, Ill..

Polaroid - Polaroid Corporation._cambridge, Ma.
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SGE - SCientific Glass Engineering Pty, Ltd., Austin, Tex.
Slgma - Slgma Chemical Co., St. Louis, Mo. ‘

SKF Smith,AKline, and French.Laboretories, Philadelphia,
Penn. ' ' ‘ .

Supelco - Supeico,'inc., Beilefonte, Penn.

Synth. DBP - Syntheslzed by D B. Prelusky ’

.Synth. FMP - Synthesized by Dr. F.M. Pasutfd’

Unicam - Pye Un#cam Ltd., Cambrldge, Englahd.

Upjohp't ﬁpjohﬁ Ceﬁpeny of Caneda, Don Milié,'oet.

Varian - Varian\éifociates, Inc., Palo Alto, Ca.

Vandermeer Farms - A. Vandermeer Farms, Sherwood Park Alta.-

Woodland Lab. - wOodland Laboratories, Geulph, Oont.

N
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5.1 METABOLIC RBDUCTION OP KETONE CONTAINING COMPOUNDS BY
MAMMALIAN TISSUE

LI

1 There has been sﬁhe disagreement regarding many of the

existinasprinciplég§whxch have been. associated with the meta-

bolic reduction of compounds possessing ketone groups. This

has no doubt resulted from generalizations being formed on
,v" o e ey . . ‘ o

the basis of a limrted numbgr ; f“bservations. Conclusion.;'
) ' 1 " ,_“’ TR
based on these observations oﬁxeq»lacked adequate suﬁpoPn

£ ) >
It appears however, that a major reason for the 1nconclus1ve&;

results was not the inability to obtain suitably purified

' enzymes -as was - commonly cited but rather a;;failure to

properly compréhend “the metabOlizing systems which were
available. The maJority of 1nvestigations have been perform—
ed in .wvitro utilizing heterogenous enzyme preparations.
Tbus, because of the art1fic1al nature of thesé Bystems, it
would be unrealistic to assume that results ‘were dependent'
solely on the presence or absence of the necessary ‘enzymes.

Yet few investigators, when forming their conclusions, took

into account how various experimental conditions could have

affected the observed enzyme activities.

The current "investigation . was undertaken “to examine
the mechanisms involved during the getabolic reduction of
ketones and many of the factors Which influence thia

process. In doing so, it was possible to evaluate several of
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the general criteria which have been routinely accepted in in

vitro drug metaboliam studies.

5.1.1 1In Vitro Hetaboliam of PropiOphenone and Phenylacetone
' A
A comprehensive examination of the»in vitro mammatian

breduction of two reépresentative ketone-containing compounds

was carried out. Propibphenone (I), an aromatic ketone, and

»

its non-aromatic homoiog phenylacetone (III), were used as

the model substrates. The initial investigation involved a

preliminary analysis.of the extent to which theee two ketoneei

(1, III) were reduced to their corresponding alcohols (1-

'phenyl 1-pr0panol, II; l-phenyl-2-propanol, 1Iv, respectively)

under standard incubation conditions. - The occurrence. of

other metabolic reactions -was also. inVestigated. For

comparison, 10 OOOXg liver supernatants from two species were

5tilized as the enzyme sources: the ragiit, which has beeh

shown to be very efficient in catalyzing the reduction of

‘.

ketonic compounds, and the rat, which. shows relatively - weak

reductase activity (10). Metabolic products formed by

-2 -

-reductiOn) hydrOXylation, or alternatiﬁe mecharrisms were

’

idehtified and guantitated.

5.1.1.1 Identification of Metabolites | R

Identificetion of each metabolic product was confirmed
primarily by éirect comparison of gas chromatographic and
mass spectraI characteristics with those of an authentic

standard. Tentative assignment of chemical structures baseq
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on fragmentation profiles was required prior to acquisition

of the authentic standards. Compounds established as in

- vitro metabolites ofeither propiophenone (7) or phenylacetone

(III) are given in Table 7. The metabolic profiles of both

Ssubstrates are also ilIustrated (Fig. 19).

5.1.1.1.1 Gas Liguia Chromatography

GLC analyses of the concentrated extracts from the in
vitro 1ncubation mixtures were carried out according to the
Operatlng parameters described in Table 6. Due to the varled

chromatographic prOperties of the recovered metabolites, it

'was necessary to employ three GLC systems to ensure that a

comprehensive search was performed. For some analyses, an
ov-101 column packing material was used (System ‘A ). This
}; a non-polar silicone~type stationary phese, on which
separation of chemically related compounds is essentially on
the basis of their volatility. ;;us, a series of alcohols
will separate with the lowest boiling member eluting first,
and a series of ketones will . behave similarly. It . is
however, generally not - possible to predict the degree of

resolution of mixtures of alcohols and ketones. Using System

A, 1t proved possible to separate the ketols (VI and vII)

vfrom the diol (VIII), but it was not possible to resolve

adequately either ketone (I or TIII) from its corresponding
alcohol . (II or 1IV). A typical gas- liquid chromatogram is

illustrated in Figure 20. When a more pPolar column Packing



TABLE 7. Gas quuld Chrcmatograph:.c (GIC) Retention Times for

Propiophenone (I), Phenylacetone ({II), and Their Metabolites.
_ SUBSTRATE , - RETENTION TIME (min):
' column system: A

B <
tompcraturc’_jj_ J.m 200 _9°
1

. * CMCLOHEXYLACETONE : 3.5  1.05 o
Y (IS) , ) _ , l.0 5 -
(IS) ALLYLBENZENE - - - - 2.05
g - o %
ITT PHENYLACETONE (A) _ 3.85 1.2 4.05  12.90
IV 1-PHENYL-2-PROPANCL. (B) 3.9 1.3 6.15  6.05
I PROPIOPHENONE (C) - o 4.70  1.50 3.85.  14.50
I 1-PEENYL-1-PROANCL (D) 4.80  1.50 7.75 . 4.95¢
V  1-PHENYL-1,2-PROPANEDICNE () . '5.40  1.60  5.85  15.9%
VI 1-HYDROXY-1-PHENYL-2- ' ‘ L 3 hes
, PROPRNCRE. (E) %20 230 . 2310 17,75
VII 2-HYDROXY-1-PHENYL~1- ' )
PRORNOE () L35 240 2035 27.300
VIIT 1-PHENYL-1,2-PROPANEDICL (G) 4 A.955 o =% 9957
: , . © 24.0° - - 8.10 *
IX BENZALDEHYIE ‘ 1.10 .50, 1.73  17.95
X BENZYL ALOCHCL ' 2.50 .90  8.65 2.80*
XI BENZOIC ACID ' . - 33.00 - -
lmﬁmmﬂmo’ﬂmcom“smmmﬁ‘
2 OVZN mm )
1% INTERMAL STANDARD.
¢ T = threo Dmm!m; = crythro Dmmm
5

--cmowunmmmoumscz.csvm
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- FIGURE 20,

~ 2.5% ROH.

_° DETECTOR 'RESPONSE
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extract obtained from the i vitro incubation of propiophenone .(I)

. in the presence of fortified rabbit .liver 10' 000Xg ,supernatant:

A} GIC system A, 58 OV-101; B) GQIC System B, 2.5% Carbowax 20M,

.

N
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(Carbowax 20M, alkaline) was used (System B), these compounds

wr,

(1 and II, or III and IV) were completely resolved..;ffA.

representative GLC trace is provided in Figure 20. i/Q\Q
Since ' erxthr vthreo-diastereoisomers‘ of

1—-phenyl—1 2—propanediol (VIII) could only “be bpartially;“v
resolved when the non-polar System A was used attempts ‘were
made to finﬂ a more polar column to increase resolution.
Several sudh liquid phases were tested,- .including XE-60,

OV 225, 0V-17 OV-B..and carbowax 20M. .However, because of

-the extremely polar nature of these stationary phases,.they
‘

K resultlng in poor peak inte

: phases within a reason

could not be adequa ely separated on any of these stationary‘

lle time period. Severe peak tailing

;ation was ohserved In_order to.

facilitate the analysis; the diastereoisomers _(viir) were'

o converted to their O (o di(trifluoroacetyl) derivatives by

reacting the extract residue with TFAA prior to analysis by.
GLC.. The resulting perfluoroacylated ]Fompounds fe;hibited
decreased polarity and sufficient volatility ;to permitﬁ
efficient resolution -and considerably shOrter retention
times. For separation purpbses, a’ moderately polar liquid
phase (5ystem (oF OV-l7) was. selected.p on this cqlumn, the
TFAéderivatives had 'excellent rchromatographic propertiesp
(Fig. 21), and remained stable even . at high GLC operating

temperatures.‘
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- FIGURE 21. _Gag Liquid chromatographic separation of the erythro and
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5.1.1.1.2 Mase Spectrometry

135, .

,Electron impact mass spectrometry (EI—MS) was used for

the characterization of products formed ‘déring drug metabol-v

Y‘\

ism studies. " In most instances, interpretation of mass <

.

spectral data was uncomplicated. Structural identities were
. derived from tirst -'princip‘le fragmentation ' reactions -oi"

'electron impact ionized compdunds, Diagnostic ions and

' plausible fragmentation pathways of metabolitesz propiophen-‘ .

one (), -phenyl-l 2-propanedione (V); benzaldehyde (Ix),

and benzoic acid (XI) (Fig. 22), l-phenyl-l-propanol (II) aha

‘benzyl aleochol (x) (F g. 23): phenylacetone (III) ana

l-phenyl-2-propanol (Iv) (Fig. 24) are given.

Tentative identification of metabolite E (Table 7), a

metabolite of phenylacetone, was made on the basis of its

-mass spectral behavior,' which was similar to that of other

compounds examined. Diagnostic peaks in the spectrum were those

of m/s 107, 105, 79 and 77 (Fiq. 25) which\, suggested that‘

compound E was a derivative of benzyl alcohol (Ph—CHOH-R)

(cf Fig. 23) The mass spectrum also contained an additional

characteristic fragment of m/z 43 |cs3!o+) and a weak molecular-' ’

ion at” m/z 150 (M“') These ions ‘were compatible with R in

" Figure 22 being a methyl ketone group, therefore identifying

'metabolite E as 1-hydroxy-1-phenyl-2—v propanone (VI). An
authentic sample ,_of . (t)-VI was\_ synthesized (Section
4.1.1. 3 1) ‘ana haa GLc/Ms properties identical to those of

. metabolite E.

)
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. FIGURE 22, EI-MS fragmentation profiles of propiophénane (I), 1-phenyl-
1,2-propanedione (V), benzaldehyde (IX), and benzoic acid (XI). .
St
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FIGURE 23. EI-bB fragnmtatim profiles of l-pimyl—l-pfépﬁml :(iI-) )

‘and benzyl alcohol (x)
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FIGURE 24 EI-&B fragnentatim profiles of' "A) phenyLaceta:e (I
B). 1—;i1eny1-2-propano1 (IV) . . | s o ks
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FIGURE 25.

EI-NB J.dentlflcatim of 1-]
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1-phenyl-2—propam1e '

\(VI) as an in vitro n’etabol:.te (E) -of plmylacetcne (III)

% RELATIVE ABUNDANCE

- So— o}
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40 60 - 80

100
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107 -

120

100 -

IN VITRO
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140 160
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Identification of the structure of. metabolite .F could
not be deduced directly from igs mass spectral fragmentation
pattern (Fig. 26), which contained the same characteristic
complex of ions - (m/2 107, 105, 79, 77) that w2re Observed
in the Spectrum_foffiE (l-hydroxy-l4pheny1-2-propanone, Fig.
25), and also .inf-the spectra of. l—phenyl l-ptopanol 'and
benzyl'alcohol (fig.l 23) ' This Similarly 1ndicated that
compound F contained a benzylic alcohol group. Howeveé thef.
relativély low abundances of the. peaks at m/z 107 (28%) and
m/z 79 (25%) were not consistent with the normal fragmenta—
| tion behavior ‘expected for benzylic alcohols. ‘The presence
‘of more prominent fragments at m/z 105 (base peak) ‘and m/z 77
(61%) were to a greater extent. typical of arylalkylketones
(cf Fig. 22). This strongly 1nd1cated the presence of a
carbonyl m01ety adjacent to the aromatic r1ng rather than an
b'alcohol group as the mass spectrum implied 1n1tially. A
plausible assumption from this information was that metab-‘
olite F was 2~ hydroxy-l phenyl -1-propanone. (Vii), a struc—.
tural isomer of compound E (l-hydroxy—l—phenyl- -propanone,
VI). Verificatioh- of this conclusion was obtained by direct
comparison of the GLC/MS characteristics of F with an
authentic synthetic sample of the suspected compound, VII
(Section 4.1132). R
- The presence of the ions of m/z 107 and 79 in the spec-

trum of metabolite F required explanation.v It was concluded

'thatvtheir presence was due to the partial isomerization of



" FIGURE 26.

EI-MS 1den’t1f1¢af:i’on of 2-]
(VII) as.an in vitro metabolite (F) of pmp].op}me (I)
phenylacetcne 4III)
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VII to l-hydroxyl—l—phenyl-é—propanOne (VI) durinQ the GLC/MS
pProcess. This resulted in a composite mass spectrum of the
two compounds and accounted for the unexpected fragments.

: This conclusion was further substantiated by several other
Observations. The chemical interconversion of these two
ketols (Viig=% VI) has been detected by others (447 449) and
in the current- study (Sections 4.1.1.3.1 and 4.1.1.3.2)
during their chemical | ‘ - |

<

sYnthesis.' In addition, solutions of 'these‘.and' related
ketols have./ﬁeen ‘observed to undergo‘ isomerlzation on
standiqg (448,‘450—454)' Therefore,‘it would be\reasonable
to assume that metabollcally formed ketols would also 1nter-
convert, This was confirm@d by the detection of 1 hydroxy-l-"
phenyl;z propanone (VI) as.  an -~ unexpected metabollte ‘of
propiophenone (Tabie’s), which #n allsprobabilityftesulted
directly ﬁrom‘the chemical conversion ot-2-hydroxy-l4phenyl-
l-propanone (VII) JFig. L9) ' In 'further agreement with these .
{<?tudies,18peier (113) reported that .G—hydroxy 'ketones
probably exist in two tautomer1c forms, which allowed easy'
1nterconversion of. the_dtwo isomers = through an. enediol
intgrmediate (Fig..27) _ )
“Metabolite G (Table 7). was. detected as‘ an in vitro
'metabolite of -both propiophenone (I) and phenylacetOne (II1).
GLC/mass spectral analysist identified the c0mpound as a
mixture of the erxthr and Ehgggfdiastereoisomers of S

l-phenyl -1 2—propanediol (VIII). . The‘.mass spectrum and
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(tautme.rism) of l-hydmxy-;l.-;meny -'
2-propancne -(VI) and 2 ydroxy—l Phﬂlyl-l-pmpanone (VII) . through -

Y
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plausible fragmentetion pattern for VIII are shown in Figure

28. The mass- spectra of the two isomers of VIII (erythro,

‘ threo) were identical.

5.1.1. 2 Quantitation of Metabolites and Determination of
Metabolic Pat.hvays

_5 1.1. 2 1 Hetabolic Reduction

As demonstrated with both ketone substrates (I,i III)
(Table 8) the reduc activity i’ound in ra'bbit'- Iiver-"‘ -
‘preparations was in’geral. cohsiderably greater than the
v activity of rat liver. The non-aromatic ketone phenylacetone
(III) was reduced to its alcohol. ."1-phenyl-2-propano.1 (1v),
only to a minor extent (3% ) when incubated .for 60 minutes in |
the presenee of 10 000xg rat liver _Bupernatant fortified with
an NADPH—generating system. Under the same conditions, when
a rabbit liver preparation was- used., 9‘9% of the ketone (III)
was converted to the alcohol (IV). Similarly, whereas-r-
reduction of the aromatic ketone. pz:opiophenone (I), produced
.'about 19% of its corresponding alcehel (l-phenyl-l-propanol
II) wher!a tat liver 10 OOOXS_ eupernatant preparation was
used, in the presence of 10 OQOXg rabbit liver supernatant
greatly increased amounts (75%) of II were formed. _cher.

investigators have reported similar» results‘ . fo.r' tne

-

NADPH-catalyzed reduction of phenylacetone (III) by rabbit _

livet preparations (455-458) : ) e : -
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5.1.1. 2 2 Hetabolic c-nydroxylation
. In vitro incubations of either ketone substrate (I,
III) were found to produce several other metabolités in ‘addi-
.tion to the corresponding alcohols (Table 8). The isolation'
of small amounts of 1-hydroxy-l-phenyl-z—propanone (V1) and
-phenyl-l 2-propanediol (VIII) as products of phenylacetone»l
(III) incubated with an NADPH-fortified rat. liver preparation
implied that hydroxylation at the benzylic methylene group7
_had occurred (Fig. 19) A similar reaction was not. observed
in the presence of the 10 OOOXg rabbit liver preparation’
‘although trace amounts ‘of VI were produced when the micro-'
- somal fraction (105 000xg resuspended pellet) was substituted
AfOr the“liver supernatant; hfn contrast,‘propiophendne.(rl
. was extensively metabolized to other hydroxylated products in
addition to II, regardless ‘of spec}es (Table 8) . The major
'oxidative metabolite isolated from either rat or rabbit liver.
incubations was 2~ hydroxy-l-phenyl-l-propanone (VII). Minor’~
:amounts of l-hydroxy—l-phenyl 2-propanone (V1) and of an
isomeric mixture of . threo— and erxthr -phenyl-l 2= propane-
fdiol (VIII) were' also repovered o
LVf 5. 1 1 2. 3 In Vitro Hetibolic Fate of Propiophenone and;:*
‘ | Phenylacetone o R f o K AR
The in vitro conversion of phenylacetone (III)

1-pheny1-1 2-propanediol (vxn) has been proposed to occur by‘ o

. “
-
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either hydroxylation of the alcohol (l-phenyl-z-propanol. IV)
‘or through reduction of the ketol - (l-hydroxy-l-phenyl-z-
propanone, VI) Baeed on their obeervatione, Kammerer. g_t__al.
(455) favored the former routJ (III — ,IV —-h» VIII)

However, results obtained in the. present study dia not'\

: support their conclusion. Incubation of the alcohol (IV) in

the preeence of either rat’ or rabbit liver preparation

. (10 OOOXQ supernatant) fortified with " an NADPH-generating

4system failed to produce the diol (VIII), ‘thus indicating*
that l-phenyl-z— propanol (IV) wae not a required precureor
in the formation of l-phenyl-l 2-propanediol. Additional
'evidence \favors production of the diol dby the ' alternative.

mechaniem (111 —.->VI --—> VIII) (Fig. 19) : Metabol'i'em of'-'

. ‘phenylacetone (III) by fortified liver microeomal prepara-

tione resulted 1n recovery of 1—hydroxy-l-phenyl—2-propanone

" (VI), indicating that this ketol (VI) was _formed directly:

from III through microeomal ' C-hYdroxylation. | Further

'substantiation for thie pathway is- provided by ‘the etudy of

'Beckiett et al., (459) who obeerved that the ketol (VI)

produced by the metabolic deamination of norephedrine by

| fortified rabbit liver’ preparation ,underwent ' subeequent-

metabolic reduction to ‘a’ diaatereoiaomeric mixture : of
*’i-phenyl-l 2-propanediol (VIII) Related in ViVO rabbit"
studiee on : norephedrine by sineheimer et a’l._ (460) aleo '
showed substantial recoveriee of the diol (VIII) and itei',

SN

precureor ketol coqound (VI)

Ry PR . o Do . - K -



.The in vitro metabolism of propiophenone (1) .also_
resulted in 1ow levels of l-hydroxy- -phenyl-z-propanone (VI)'
being detected (Table 8). ‘This ketol (VI)”is an isomer of
'the already identified metabolite "2-hydroxy-l-pheny1413
jpropanone (VII),_ from which it was probably formed by
chemical rearrangement (Section 5. 2 1. 2)..(- _

The diol (VIII) produced fronl propiophenone (I) was
formed through reduction of the cqrresponding ketol" (VII)
rather than by direct hydroxylation of the alcohol, l-phenyl-
l-propanol (II) (Fig. 19). This conclusion was confirmed byaw
demonstrating that II was not a precursor for metabolic.
formation of l(phenyl-l 2-propanediol (VIII) | |

-

5.1. 1 3 0ptimixation of In Vitro Incubation Conditions

Y
Investigations carried out utilizing in vitro modelsv

‘have a definite advantage compared to the in vivo system in3
'Uthat there is a more rigid .control over many of thevparame
Aeters which affect enzymic activity. ‘A review of pastﬁ‘
studies which have relied on . tissue »supernatants or vsub-‘
'“‘cellular fractions has revealed a wide variation in- experi-'

N

-mental procedures and incubation conditions.ﬁ Unfortunately‘

this makes direct comparison between reported data and‘_f

'current findings difficult to interpret,'as experience has:‘

_demonstrated that even minor changes in methodology may

.fsignificantly alter in vitro activity.‘ A nmjor objective of
(J_\ . ) N . ‘ . ’
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any in !itgg drug metabolism study, therefore, should be the
design of a model which maintains conditions for optimal -
~~enzymic activity. “The ' subsequent experiments pertained tov
‘determining those conditions.
Studies involved the two representative ketonic com-g
pounds, propiophenone (1) and phenylacetone (II1). Modifica-.w
tions were made to the experimental system to determihe their,
effect on the metabolic reduction and aliphatic hydroxylationr
" of the substrates. “An evaluation of the function of NADP and
NAD in the incubation system was carried out, The" effects of
the presence (or absence) of glucose-s-phosphate (GGP),

'glucose-6-phosphate dehydrogenase (GGPDH), and nicotinamide

- were also‘determined. _The. actual. modifications made to the“}"

incubation 'mixture‘;are? given in 'Table 9 _and“vare;‘now )

discussed.

R

wg

N

5.1. 1 3.1 Cofactor Requ

The resultse summzrized in Table ‘9 indicat

metabolic reduction hsoftr both : propiophenone . (I)~s§§nd
phenylacetone (III) did occur to a small extent when thesei“
substrates were incubated in the presence of rat liver}

10 000xg supernatant without additional cofactors.‘ This was ’

\

_not unexpected as low levels of endogenous NADPH (and NADH)fy

have been detected in the supernatant fraction of whole liver'
‘homogenates (461).‘ However, the overall activity of thesell
- ’reactions was greatly enhanced uponaeither supplementing the -

_incubation mixture with an in vitro’NADPH- or NADB-generatinghp

-
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syetem, or by the direct addition of the reduced form of
these cofactore. v Thie result concurred ‘with Qearlter
obeervations that metabolic reduction of ketonic compounde'
(I, III) was absolutely dependent on the availability of
| these coenzymee (199) ' Furthermore, only in their reduced o
atate could NADP "and NAD function as direct donors: of - the‘_
bneceesary reducing equivalente (hydrogen, electrone) required._
during this enzyme-mediated reaction. This was demdnstrated'"_
by the inability to increase the levela ‘of product alcohole
: (II, IV) when .an inconn:lete generating system (NADP"' or.
NAD{ no GGP, no MgClz) waa utilized. Similarly., “the’ P

availability of’yw’the reduced form of either 'coenzyme / rf

/
) .

'~(NADPH/NADH) wae also. ahown as an absolute requirement for
’ the aliphatic C-hydroxylation of both propiophenone (1) angd
phenylacetone (III) (Table 9) Omitting NADPH/NADH or adding
| cofactors in  the oxidized formv (NADP*/NAD"‘) _only,e-

| essentially eliminated hydroxylaee activity. |

. The extent to which th& in vitro biotraneformation of, ‘

- s, 1. 1 3.2 Cofactor 8pecifieity

.propiophenone (I)  and’ phenylacetone. (III ) o&curred wae- -
l;,ignificantly dependent on which cofactor, NADP or NAD. was}.
,v"_made available during ‘the ¢ ir}cubation procedure. It hasi,
' _“alreaEy been descr bed that eome reductaeee specif\icallyv:, . '
A‘.require NADP to function. vzhereae other- can function only
with NAD. and etill others are capablo of ehowing activity"~

in the prelence f either coenzyme (Section 3 1] 2) 'l.'h’.i,:.!'-. w,ae- |
T . Lo T T



B S R [ o L P PP P A PR B L T A i em wde

. 153

‘ further exemplified during the course of -the present study_
* . (Table 9). Reduction of the aliphatic ketone - compound,
'.':phe;uylacetone‘ (III), was‘considerably greater using NADH’
~{51%) than NADPH (4&), _ whereas 'its‘ aromatic isomer,v
propiophenone (I), was substantially reduced in the presence
of either cofactor, although NADH (.48&) was -a_lso pref_erred
Y .over NADPH (26%). :~;$"-' i ‘ | S _tb v
N Inm cbntrast';» with" * the’ ‘varied ‘cofactor specif'i.city"
demonstrated by ketone reductases, NADPH was the more
effici‘entgvelectron' "donor t-'in‘ “microsomal . C.-‘-IhYGroxY‘lation“
reactions, rpgardless of substrate (Table 9). When NADH was
f- substituted for NADPH, hydroxylation ‘of - phenylacetone “and
| d, propiophenone was decreased by 79% and 86% respectively.'\
This paralleled previo}is reports which showed that by
v"replacing NADPH w'ith NADH as the sole source of- electrons,: .
the extent of px%duct formation was. normally inhibited by.-
b ‘ approximately 90% (69 70)._,_

¢ 5. 1 1 3 3 NADPH/NADH—Generating Systels S S ( ' _
. *
In order to maintain sufficient Ievels of colctgr in

its active reduced form, an- auxiliary lnzymic react n which : !

v

) talyzes the reduction of NADP'* or - N’fD'*‘ is routinely
zmployed in the incubation mixture (Fig. 29). 'rhis usually

“"‘nsists of the ‘\pxidized 'formﬁ. o‘.f' - '_the cofactor‘
(NADP*/NAD*) together with glucose-s-phosphate ‘and, MgClz
) in the presence of ‘a’; catalyzing enzyme,‘glucose-ﬁ-phosphate

. 1

b
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’>FIGURE 29. Schenatic representation for the generatlcn of NADPH/NADH
_by the glwose—G—phos;hate dehydrogezmae enzyme syst:em. )

L I

) . , S . . . - .
p + . Mﬂ
+ NApe /NAD ’ GLUCOSE—G-PHOSPHATE
nmnaocmsz )

GLUCOSE~6~PHOSPHATE .

+ NADPH/NADH + n*

—

FIGURE -30. Schematic repu:esentat:.m for the gexerqt:m of NADPH/NAD!-(
bythe:.socitratedehydroge\asemzynesysten.

Hooc C—H. ~+  NaDP*/NaD® - T T RN
" H=C=OH N ' DEHYDROGDMASE oot
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(3

dehydrogenase (G6PDH). A cqmmonly used~a1ternatiVe to the

'.-GSPDHTsystem\ is the isocitric aciad dehydrogenase system

'(ISCDH9 (Fig, 30) (461) =~ 1In the present study, it became )

L}

apparent that réliance on an auxiliary coenzyme generating
-

system did not always give optimal results.

. .
9 . . X ot
. . . . . N

. ) :
5.1. 1.3.3.1 Glucose-6~phosphate Dehydrogenase , '

.

. The role !ﬁf glucose-s—phosphjte dehydrogenase (GGPDH)

is to mediate the direct transfer of a hydride ion to NADP+

,/NAD+ (Fig. 29) (462h 463)’ Several compounds are capable

of serving as the source of this 1on during the reactlon,

‘though D-gﬁucose—s—phosphate "(G6P) is the natural and most

~active substrate (413) : For . this _reason" G6P was

used preferentially in experiments requiring generation»of
the reduced cofactors by a GGPDH catalyzed reaction.

In mammalian tissue, G6PDHs are cytoplasmic enzymes'
(462), consequently found in the 10 000xg supernatant and the
soluble fraction (105 oooxﬂ supernatant) of liver (69, 464- '
470) and-.Qoth&r sources such as brain, adrenal, mammary, and
adipose tissue (471, 472). As a result, numerous stud;es

have accepted the presence of the liver supernatant fraction

!in the incubation mixture as being an adequate source of

‘G6PDH. However, in the current investigation, the absence of

sufflcient levels of endogenous .G6PDH became apparent when

the necessary amounts of NADPH for use in metabolic enzyme

ES s
Y
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. reactions could not be'generated. This was illustrated when
commer‘cially reduced NADP '(NADPH), used to fortify the
incubation mixture, was replaced with an NADPH—gene.rsting‘

. system containing no additionel G6PDH. The extent .of |
metabolic reduction of propiophenone "(I) and phenylacetonel'
(III) was effectively decreased by 34% and 19%,. respectively
(Table 9). However, when 10 units of G6?DH (Baker's Yeast)
were added .along wi’th the generating system, ' levels of
metabolites were comparable to those detected when NADPH was
directly utilized. JA similar effect wad observed with
microsomal-mediated oxidations of both ketone substrates In
" the absence of concurrent addition of commercial GGPDH
(Baker's Yeast') to the NADPH-genersting system, 1evels ) of
-hydroxylated metabolites from propiophenone vwere ‘decreased

27%, and 42% when phenylacetone was the substrate (Table
9)

4 [

G6PDH, in addition to reducing NADP+, ‘'was also thought
to be capable of effic ently reducing NAD+ (469, 473-475)

However, Geisler et a (476) demonstrated that while the"

o endogeXoué GGPDH . -esent in rat muscle, liver, or adipose_

. tissue was able to catelyze the reduction of \{ADP-l-, NAD+
could only be efficiently reduced by the type of G6PDH found
aiwipose tissue. 'rhe G6PDH of rat liver exhibited only a
very weak specificity towerds NAD+. These findings were

consistent with current resuIts (Table 9) which revesled thst

L 4
»

'the reduc"tion of the‘lketonic substrates (1, II‘I-v)_ in- 'the



K&Q’J (Table 9) , " " N

&

c

e,

o~

-i Lo fe
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presence of rat liver 10 OOOXg supernatant was . approximately

21/2 times higher when NADH was added directly than when an

-

NADH-generating system was used. This demonstrated a severe
limitation in- generating adequate levels of NADH When rat
liver supernatant served as the s8ole source of G6PDH..

The requirement for a NAD-linked dehydrogenase could -

not be fulfilled by the addition of Baker 8 Yeast G6PDH as
was possible with NADP+. 'rhe ,addition ‘of 10 umol of

exogenous GGPDH (Baker's Yeast) to th\e NADH-generati,ng system"

. caused little improvement in the extent to which reduction or

-hydroxylation occurred with .etther substrate. (I, III).
This effect_was not totally unexpected. It is known that
Yeast bG6.'PDH is- an NADP- linked dehydrogenase which cannot-'
utilize NAD+ (130) This problem though was overcome by
replacing Baker 8 Yeast G6PDH with a dual nucleotide specific
dehydrogenase (NADP- and ‘i‘lAD-lihked activity) isolated from a

o’

microbial source (Leuconostoc mesenteroides) Addition of
v

Co D) .
this G6PDH to the NADH-generating' incub‘ation mixture

E increased metabolism (reduction and C-hydroxylation) of both’

-

substrat‘ee to 'an equal or greater extent . than what was

qbserved when NADH alpne was. added. FurthermOre. Leuconostoc

mesenteroides GSPDH also proved superior to Baker s Yeast

G@PDH .as the catalyst in the in vitro reductio‘h of NADQ+

. aaad
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5.I.I.'3.3:2 NADH-Synergian -

It is Xnown that NADH ie an inadequate coenzyme for
microsomalf _-hydroxylation, being able to support a reaction
rate only 10~ 15% of that observed with NADPH 7' 70, 81).
This was further demonstrated . in the current investigation
.when the reduced forms of NADPH and NADH were compared for
their ability to mediate the enzymic droxylation of the
‘substrates (I, III) (Table 9) In' view of thia obaervation.
it Maa surprising “to : note | that aubstitution R of the
NADPH—generating eyatem with - an NADH-generating afetem
reeulted in a conaiderably higher level ‘o'f‘ microaomalt\'"
'activity than the 10-15% expected (Table 9). 'rhe degree to
which hydr&xylation of propiophenone (I) occurred in the
,preeence of an NADH-generating eyatem was 67% of the level
’obeerved with the NADPH-generating ayatem, 49% compared to
vwhen NADP’H wasg added Qirectly, and an incredible 350% of the
level detected when NA!_)H was added directly.- | 1.’l‘he
corresponding extent ‘to which hydroxylation of phenylacetone
(III) occurred- with an NADH-generating eyatem was 38%, 338,
and 157% of what was detected with the NADPH-gen‘erating ‘
: eystem, the direct addition of NADPH, and the direct addition
of NADH, reepectively. b IR - |

There - ‘was no’ obvious‘ explanation ot‘ why ﬂubstantial
levela of hydroxylase activity occurred with the QADH-gener-
ating ayetem and not when NADH was added directly to the
incubates. It was therefore, : con-idered informative to.

) N

'
I3
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esteblish some idea concerning Jdne compoeition of 10 000xg
'liver supernatant (other than metabolizing enzymes ) which may
have contributed to’ these unexpected results. |

- As incubationa of propiophenone (I) with unfor‘tifi"ed

10 OOOXQ_ liver supernetan‘t did show a low 1evel of metabolic

) activity (Teble 9), this was assumed to be due to the

availability of 1low amounts of endogenous NADPH for'

utiliretion by metabolizing enzym'ee,' if only to a .very .
limit‘ed 'extent. When propiophenone (1) was ~incubeted with

the eeme 10 OOOXg_ liver pre’peration, but supplemented with

glucose-s-phospgte (G6P)  and ugc12 (go_ . NADP+), a

comparetively higher rate of metabolism was detected then
with tiesue alone (’I’\ ble 10) 'rhie increeee was interpretedﬁ
&8 the diredt reeult of making more NADPH eveileble whe’n G6P
(end MgC13)- wee preeent in the incubetion mixture. than when
omitted. - When deeling with eub-optimel concentretione ofv
NADPH/NADH, the rate of drug mete‘blized is directlya
mrop“ortionel to the emount of cofector aveileble (461). I1f “
it was. aaeumed that endogenous .NADP/N@Q actually exiete
predominently in- t_he oxidized state (NADP+/NAD*) Bend:'
. _ .

x"equires transformation -to  the: ective form (NADPH/NADB)»

prior to ite utilizetion. a limiting etep in thal production _

of endogenous NADPH would presumebly be the aveilebility cf'“

- G6P necessary to (complete the treneformetion.

" Thus, ‘Gne explenation for the significent level of metabolic

_ hydroxyletion in the preeence of' the NADH-generating eyetema
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TABLE 10, Variatminthemtentofthernhtronedmtlmatﬁ
Hydrmcylatim of Propiophencne, asafmct:lmofa'm'ages

Incubation Mixture cmlponents.

NAD)mEmdogexnxs

*

P
'

made in the

me Source of Cofactors used, (NADP/

i

" PERCENT METABOLISM # s.p.P

. - PROPIOPHENONE
INCUBATION  MIXTURE 2 REDUCTION | HYDROXYIATION -
o L . (I1) (VII)
10 00DXg ' SUPERNATANT 1.20 0.30
‘ONLY . ,(BIANK)- t0.16 ~ .+ 0.09
MxCL, . 1.36 / 0.33
R | . 0.11 .+ 0.07
GeP 2.51 0.85
L © $.0.55 + 0.18
- GEP, MIC 1, 2.83¢" 0.81
oo ’ “ » + 0.41 t 0.21
GePDH: - 4.50 217
(L. mesentergides) t0.51 $ 0.20
‘G6P, MgCL,, GEPDH: 12.6 6.31 |
(L. mesenferoides) £1.30° $0.43
GePpH: . . 3.82 - 1.55 .
) (Bam's YEAST) '20.45 - t0.22
 G6P 10.9 4.30
(m'csn 's ﬁms-r) +1.05 +0.58

BLANK INCUBATION MIXTURE ‘CONSISTS OF: TRIS-KCl BUFFER
(4.9 ml); RAT LIVER 10 UOOX_g_ SUPERNATANT EQUIVALENT TO
0.2 g ORIGINAL TISSUE (1 ml); SUBSTRATE 0.2 umol (0.1 ml).
ADDITIONAL COMPONENTS ADDED IN 0.1 ml BUFFER. .

b S.D.

»

= STANDARD DEVIATION; n = 12.
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o, : \
(NADP+, GéP, Mgc12),;,9 was  that GEP (and MgCly) also
induced reduction of endogenous NADP+ to utilizable levels of

- NADPH. Cohen and Estabrook (477) have ghown that the

o~

-

presence of even very low concentrations of NADPH could
‘promote a more efficient.use of NADH by the mixed function
..oxidase (MFO) system. Thi; resulted in a synergistic
increase in product formation by microsomal hydroxylase
-enzymes which .can occur w1th the concurrent accessibility of
both reduced pyridine nucleotides (NADPH and VNADH?< (see
Section 3.1:3.1.2) (58-68, 71). Synergism could conceivably
account for the marked increase in hydroxylase activity
presently observed with the NADH-generating system, whereas
.no such effect would be eXpeced when the commerc1ally reduced
‘fOrm ‘of NADH ‘was used. _ When such was the procedure,.the'
inclusion of G6P was.: not required, ‘and' accordingly,,'not ’

L

"available to generate endogenous NADPH to produce the

-
»

synergistic effect. |
In order to be assured that the liuer<preparations'used

in the current. study were indeed able to support a '
synergistic mechanism, ‘the aliphatic ‘hydroxylation of
propiophenone or phenylacetone in the presence of rat liver
10 OOOXQ supernatant supplemented with varying proportions of
the reduced forms of NADP and NAD was measured (Fig. 31). 1t
A"was ‘found that the oxidation of propiophenone to 2-hydroxy-l-
"phenyl l-propanone daid exhibitzatrue synergistic effect with

‘the concurrent inclusion of NADPH and NADH (Fig. 31A). fThe.
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extené of microsomal hydroxylationAwas enhanced to over: 150%
that obtained when} NADPH alone was used.. This greatly
-exceeded an - additive effect of  the action of 'tﬁe two
lCofactors as ﬁydroxylaﬁion of propiophenone in‘ths presence
of NADH alone is relatively 1low (iS~20%) comparéd
. use of NADPH. .

¢ An examination of Figure 31B reveals that inclusion of

the

NNADH in the NADPH—fOrtified rat 1liver preﬁaration. did not .
. promoté‘a sigﬂificant increase in the formatioq of l—hyd:oxy-ﬂ
l-phenyl-z—propaﬁone tﬁrough hfdfoxylation of'phenylaCetdne;
A small increase in tﬁ:foverail level of meﬁabolite produced
.Qas observed when both NADPH and NADH were aéded, compared to
the amount of product formed in the presence of NADPH alone.
_ However, this sl;ght enhancement was approximately equal to
; the degree of hydroxylation which was measured when NADH
alone was used to support this reaction. Thus, in this
ipstanse the effect abpears to be ah.additive one.
, \ ﬁume:ous investigators have'measured the‘éoncentrations
pfAthe/oxidiggd and reduced pyridine nucleotides in various
in vigro rat liver .preparations including is&lated ‘organ
perfusions, homogenatesf and 10 000Xg supernatants, and
105 000Xg cytoaol and microsomal fractions (463 466-469,
473, 478-480) Pdl surhes support that the major proportion of
NAD occurs in these preparations as NAD+. Conversely, the

majority of studies contluded'that the predominaht form of

NADP in rat liver is in its reduced state (NADPH): only Lowry
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et al. (481) and ':Rein"ke:.et al. (480) found the opfios'ite-' to be

. true. " . . ;-; o
. . T Y
t a

The predominance of NAD+ .over NADH is understandable, o
due to the absence in rat liver of spec1fic NAD-linked de-
hydrogenases required to enzymically reduce the NAD+'(462).'
With NADP however, although sufficient levels of NADP linked-.
:_dehydrogenases are’ assumed ‘to; be present to maintain a: higher"
proportion of NADPH than NADP-!- (461),'under the incubating
j condition used in the current study ahn obvious deficiency of
| such dehydrogenases was apparent., This conclusion could be
made from data presented ".e;a-r.lier ('rable 9) which‘ 'i.hdi‘ca.ted
that addition of a NADP-épe"c’ific QGG‘PDH to. the'«uAan-.-g'enere
ating. sy,stem was required. for :opt-imal metabolifzi.n'g. activity :
and in the present experiment-';_'yhere ‘the ié.Ck of 'adeq.uate de-
hydrogenases was mote direct'lv 'demonstrated \iTable 10).

Supplementing NADP-linked G6PDH in the incubation

ixture con=
taining no commercially added NADP+, markedl' . ase‘d. “the
extent of propiophenone metabolismg. u'_‘--',rhe grﬁeat;est‘am?:‘_changev
occurred with the concurrent addition of G6P with ‘the GGQDH,
where the rate of reduction and hydroxylation . was raised 9.41'0'
fold and 14-21 fold, respectively. :These results illustrated
the availability of sufficient levels. of endogenous NADP+ _(an‘d
; NAD#), 'but inadequate amou’nts of‘endog'e'nous G6PDH (and G6P) to
promote the conversion of .- NADPH/RADH to the active,

zreduc;ed form. A 1logical conclusion from these studies is
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' that und}r the, preVailing-.conditions by which tissue
preparations &re~-0btained, both. endogenous NADP and NADH

exist_. primarily in their oxidized state (NADP+ and NAD+)
o= P V.
5.1.1.3. 3 3 Mg+ Requirementa | .’ ~~;

Although tho'divalent cation® Mg++ is raptinely included
inﬁcubation mixtures (uwally in the form of MgClz) in
order to facilitate production of NADPH/NADH magnesium s

#
exact astcﬁtﬂion with the cofactor generating system has' not

been established. Several .8tudies on glucose-G—phosphate

dehydrogenases have found that whereas the majority of

NADP- or NAD- linked dehydrogenases could be stimulated by e

the addition of Mg++,: the presence of Mg++ 'was not an .

,absolute requirement for catalytic activ1ty (461, 462, 470)
Other investigators have shown ““that with various dual

nucleotide specific . G6PDHs, both NAD?-“and NAD—llnked

reactions required the addition of Mg++ (474, 482) ' On the -

‘other hang; - s’tlll‘" others. h\a've cfra’ime&""th‘a . although -

enhancement of the NADP-reactioris did occur in the presence
of Mg++, inhibition of the NAD—linked reactions was
Atsimultaneously noted (472, 483). ' |

| . In the current study, 'no Aactiuating effect ' on the

»metabolizing sYstem by the addition of Mg++ could be demon-

strated. This was regardless of whether rat liver lOUOOOXE',

'supernatant was the sole source of endogencus G6PD§, or if

the incubation mixture was supplemented by the addition of

)
; '/a



e,

o . . T . :. - S - ‘ . ]66
L o DL ‘ ‘ , C > '
e

thevNADP—linked Baker s Yeast G6PDH or. the dual nucleotide

-

specific Leuconostoc mesenteroides GGPDH. 1t was decided

ta

however. not to eliminate MgClz :from future incubations.

B When activation of various GGPDHs was reported, it couldq only'.

-

' be observed ‘at low concentrations of Mg++. +Thus, even 1f/the

‘usefulness of MgClz ‘was questionable,'its addition in very

3

small amoun;s caused no detrimental effects to metabolic
- ‘ s
activities and:ﬂx addition was continued. B Ho

. g * -
In addition to Mg++ ;other. divalent . or monovalent

cations (Ca++, Mn++, K+, Cu++, and others) have been reported-

-

to activate_ various 'types of GGPDHs, depending “on their

',source”(483;487) No.thorough attempt, however, was made to

¥

, investigate completelyothe requirements for these ions.

,‘5.1.1.‘3.3.4‘ Nico'ti’namide\‘

" An. early problem apparently observed in in vitro micro-

somal mixed function oxidase systems had been the ‘rapid

~

T“bféakdown“of”YNADP+~ by éndogenous pyridine nucleotidases.

This problem was particularly prevalent at low concentrations
of cofactor. As: a result,; in ordér to prevent the de-
struction of NADP+ and assureqmaximum micresomal activity,
the addition of nicotinamide as a competitive substrate for
the nucleotides was recommended (60). - Although a similar
addition of nicotinamide has nof“been suggested for optimum
reductase activity, the same beneficial effect would be

expected by maintaining appropriate levels ~of_  NADP/NAD-.
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'Thus, it was important to’ learn what influence the presence
of . nicotinamide would have on the in vitro metabolism of
propiophenone (I) and phenylacetone (111). |

Examination of the data presented in Table 9, shows
that supplementation of the incubation mixtures with 30 umol
of nicotinamidé caused a slight decline in the degree éf ali-
phatic hydroxylation of both propiophenone (I) ‘and ghenylace-
tone (III), regardless of the cofactor used. The same result
Awas found also Wwith the extent ‘to whidh these ketoner-con-
taining compounds (I,. I1I) underwent metabolié¢ reduction.
Neither effﬁﬁ%. was completely \hexpected though. Several
studies have demonstrated that the presence of nicotinamide.
under certain coggitions-interferes with rates “f metabolism
(488-490). ' Since nicotinamide itself has been observed to
undergo N-oxidation in vitro (491), there is some suggestion
that the interference is of a competitive nature (490) This.
was partially demonstrated in the present study where the
decreases in the extent of reduction and hydroxylation caused
by. the addition of nicotinamide could be offset slightly by
increasing the concentration of cofactor (NADP/NAD) from 4.4
umol to 8.8 umol. A comparable increase in the degree of
_ metaboiism was not observed when the cofactor amount (4.4
umol) of the standard incubation mixture, containing no nico-
tinamide, was also ~ increased to 8.8 umol. Since

Dl

supplementation with nicotinamide had no obviousubenefits to
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] .
inlvitro metabolic systems, the practice was not continued in )

s

further studies. _ . |

5.i.1q3.335 Isocitrete'Dehydrogenase.-

| "Infconjunction< with ,studies' which utilized a G%PDH-
linked NKDPH(NADH-generating systég, an alternative pathway
fcr the production “of the reduced form oftcoenzymes was also
evaluated.v Numerous -investigators have relied gn isocitrate
' dehydrogenaae (ISCPH) to catalyze the reduction of NADP+ to
NADPH (Fig. 30) and, as might be expected, wide variations in
the incubation preparation were apparent in these
"investigaticns. . The ISEDH system utiiized in the current
‘study ‘was based on such published data.

} " As indicated by the results presented in Table 9, the
ISCDH system worked well for the generation of NADP&.
Substitution of NADP+ with NAD+, however, led to an almost
complete loss of metabolic activity; This appeared to be the
result of two distinct isocitrate dehydrogenases found in rat
liver tissue; one which was _dependent solely on the
availability of NADP, and the other solely on NAD (31). ﬁut
whereas the NADP-linked ISCDH is highly active and has a
significant role in the oxidaticn of’isocitrste, the role of
the NAD~dependent dehydrogenase is as yet unclear and does

not appear to be associated with the reduction of NAD+ (491,

492).
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- Despite reports that rat liver 10 0006xg supernatant
normally contains an excess level of endogenous NADP-linked
isocitrate dehydrogenase (i&ﬁ), maximal generation of- NADPB
could only be achieved by supplementing the incubation mix-~
ture with porcine heart ISCDH (12 units). The requirement.
for a commercial source of an NADP ~linked ISCDH 1nd1cated a
deficient endogenous level of this enzyme. Unfortunately, a
commercial” product of an NAD-dependent ‘dehydrogenase could

¥
not be similarly. obtained, thus eliminating the _possibility

of using an' auxiliary ISCDH system for the in vitro
production of NADH. As this presented a major barrier to
further studies comparing cofactor differences, studies on

thé use of the ISCDH generating system were discontinhed.

5.1.1.3.4 Cofactor Concentrations

Apart from the ketone reductase and mixed function
oxidase s;stems, hepatic tissue also contains numerous other
enzymes that catalyze reactions requiring reduced pyridine
nucleotides. If metabolized by these alternative metabolic
routes, both endogenous and foreign compounds . could
potentially compete for available NADPH and for NADH. Liver
10 000Xg supernatants also contain NAb—glucohydrolase and
nucleotide pyrophosphatase enzymes which degrade pyridine
nucleotides and could also lessen the availability of both

NADH and NADPH for biotransformations. As ‘a consequence of

these possibilities, efforts were made to assure that the
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concentrations of added cofactors were sufficient enough 8o
-as to not - constftute a limiting . factér andg restrict
product formation, particularly‘ at‘ higher ‘substrate
,‘concentrations;‘ | o ‘
Levels of metabolites obtained from incubating propio-
phenone (1) or phenylacetone (III) with rat 1liver 10 000Xg~
supernatant in the presence of increasing amounts of NADPH or

" NADH (1-10 umol) were measured. The commercially reduced

generat™ig system.

Evern at a substrate concentration (l 0 umol) higher
than that used in most studies, maximum metabolite formationf
was obtained following supplementation with 2. 8 umol cofactor
(NADPH g: NADH ). Higher cofactor levels did not  further
increase metabolism. " As ‘a- further test -the same experiment
was duplﬁbated using rabbit liver‘~10< 000xg supernatant,
because of its demonstrated greater capacity for the in vitro'
metabolism of the substrates (1, III) than was possible with
rat liver (Section 5.1.1.2.1).‘F Under these conditions,i
levels of metabolites reached , maximum prodsztion‘ after
fortification of the incubation mixture with 3. 5 umol of
cofactor. Thus, regardless of the species used as the source
of tissue, limiting cofactor concentrations~were found to be

below that of the 4.4 umol added in the standard incubation.~

mixture. This information confirmed that adequate amounts of

1
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cofactors (NADPH, NADH) were being used to guarantee full

drug metabolizing enzymic activity.
. . ~ s
5.1.1.4 Properties of Ketone Reductases Present in the
10 OOOXQ Supernatants of Rat and ~Rabbit Liver B
: Bomogenatet .
Several mammalian NADP- and/or NAD-linked enzymes whicn"
'are“eapable- of reduciné 'xenobiotic ketonic compounds have.
_ heen.characterized by various investigators (see Section
3.1). Although a few reductases have been purified prior tob
use, the majority have been studied either in unfractionated
tiggue homogenates, or as partially purified enzyme mixtures.
- As the eurrent.inVestigation was concerned essentially with
Prqperties of the intact ketone reductaae system, no'attempt'
wae,made‘to isolate the enzymes from their complekjenviron-
ment . i
Several general traits pertaining to ' substrate and
cofactor‘apecifities as exhibited by ketone‘areductaaes_
present in igt and rabbit 1liver preparations have already
been: reported in l preliminary investigations. (Section
5.1.1.2.2). The following course of study expands on many of
the pr0perties demonstrated by these reductases.
A
5.1.1.4.1 Reductase Subeellular Location
The Jdata presented in Table li indicates that almost

all of the demonstrated mammalian ketone reductase activity
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TABLE 11. Subcellular. Iocallzatlm of Envzy‘nesA'Resp&i's.ible for
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-

Metabolic Carbonleeductim b
REDUCTION (%)

| o  PROPICPHENONE = | PHENYLACETONE
TISSUE (LIVER) FRACTION * |  waper | waom |- NADPH NADH
WHOLE SUPERNATANT 26 | 48 4 50
(10 000Xg HOMOGENATE) ‘
MITOCHONDRIAL TP TR - TR
MICROSOMAL 1 3 TR 3
(105 000Xg PELLET)
CYTOSOL (SOLUBLE) 16 32 3 . 37
(105 000Xg SUPERNATANT).

® RAT LIVER TISSUE

P rr<0.2%
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pellet) or.- mitochondrial fractiona.:

o s o . ] R .. . ,
Ele 3 ot L 3 ‘ R . *

& ' 2

S was found to occur within _the cytosbl fraction (105 OOOXg_

supernatant), and little or nd reductase activity could be =

located in either the microaémal (105 OOOXg .resuspended
e .'\% '

i

Localization in the cytoplaam ia one of the prevalent'
featurea ud?hich discriminates carbonyl reductaaetr‘z (both ketone.
and aldehyde) from tnost other drug-metabolixing enzymes (12,
13. 40.494).' 'l‘here does appeaf. however, to be exceptiond

to thia rule. SeVeral NAD— or NADP-linked microaomal and

b"

o mitochondri:al reductases have been reported (120, 3 494-—496)

« v

S
ot

‘. dtscuseeg in a

, those inatancee where the oxidmtionqr of an=‘ alcohol was-° :

including oxisuran reduotases which have been asaociated with

the inaoluble mitochondrial membrane, aa well as the eolublev

w N
-

(cytosoi) fraction (497). on

Since Ca;rbonyl reductases at*e categorically oxidore- E

ductasesi the ame enzymes ' should alao vbe ’ capable ;of :

'J" '.u »

catalyzing the oxidatiOn ‘of Qprimal'y and secondary altohola.

: The efficiency of theae reve.rae dehydrogenation reactions are_
L e .\ ‘ Coe

‘,er’* iection\ (Section 5;‘ ’.1 4 5), but in

%

obs?erved. dehydrogenase actfvity waa -located only in the'

cytoaol fraction. : Reversibility of the oxidative reaction.

1 . -!'l"

-was not detected in either the microaomal or mitochondrial
i‘
fractiona preparad from rat or rabbit liver.

i ' : - . - 0T
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5.1. 1.4.2 Rednctase Substrat /Cofactor 8pecificity
. Additional studies. whic " farther demonstrated substrate
and cofactor spec1fic1ties of reductases located in mammalian

L ad
tissue were carried out. Several analogues of propiophenone

and phenylacetone were reduced in the presence of rat or. )

rabbit lO OOOXg liver supernatant fortified with either NADPH
or NADH. As illustrated in Table 12, there are marked
differences -between the capability of the two spec1es to
reduce ketone- containing compounds. In general, rabbit liver

possesses a more efficient reductase system, rega}dless of
the nature of the substrate or cofactor. Aliphatic ketones
. were reduced to a slightly greater extent than the analogous'
jaromat:l.c ketones, and. NADPH was a moderately more effic1ent'
cofactor than NADH. This contrasts with conclusions reached
by others‘ (40, -42, 493) that the reduction of aromaticv
ketones “is spec1fically NADPH dependent,‘and aromatic ketones
- are preferentia;ly reduced over aliphatic ketones (12, 28,
 42).  With reduction by rat‘liver 10 OOOXg supernatant how-
‘ever, no generalizations cOuld' be madeu Reduction varied
significantly with changes in’ both substrate and7cofactor,
possibly indicating ‘that the reduction of aromatic and
“;aliphatic ketones were mediated by more than ‘one enzYme in .
rat liver cytosol. | ‘
In_ view of these findings, absolute substrate-

specificity of particular enzymes was difficult to assess, asf_,



~¢ * TABLE 12. Metabolic Ketone Reduction by Fortified Rat and Rabbit
~ Liver 10 000Xg Supernatant, as a function of Cofactor and Substrate
Specificity. o ' o .

REDUCTION (X)

SUBSTRATE ‘ PRODUCT RAT.  PABBIT
K 26.6 .} 48.5 65.3 | 40.4
@C*CH,C!-_!, é""‘ CH,CH, :1:85).23.20 | 23033 = 2.n
o ﬁ : o C,)H S |
® e . CH~cH-CH 3.2 .| 28.1 85.1 73.3
@c oH CHs ,.CH ?H : £2.20 £ 2,01 |0+ 3.4 | 2 2,95
. OH R OH : ' :
2-HYDROXY - 1-PHENYL -

1-PROPANONE -

' I o381 | 518 92.3 | 81.6
.CHt‘C‘c“! , @CH,~¢|:H—CH, £0.32 | £2.03 | =a.02]=3.5

]
o © OH .-
PHENYLACETONE
- . O’H ’ )
y/ I ' ; : 65.3 | s5.5 9.2 | 8.7
,/ N C“‘ﬁ‘c“" - CH ?H’CH’ losaastian o fe0] - am
, o B OH : : 5
1-HYDROXY - 1 -PHENYL -
2-PROPANONE

; o - o H

: It ? : 9.01 ] 7.2 2.90 | 2.00
@"C‘ﬁ‘c”: ;c”‘ﬁ’c"‘a 1081 z09 | =018] +0.15
: o] 0 ’

1-PHENYL-1,2-PROPANEDIONE ’ﬁ ‘ wr lws | s 23'7
_ @c-m.@l, z1.87) s2.3 | +1.21] =076

]
’ oH
: ] 6.5 | 2.4 2.5 | 0.0
@c"“f“’cﬂi £1.03 | =132 | =254 = 2.1
- OH ‘ | .

TOTAL 79.2 82.4 -93.7 as5.7
£ 2:85 | = 3.00 $3.99] = 4.)4
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cytoplasmic:extracts or crude-liver supernatants may actually
contaih several reductases.p In order for a more detailed
descripﬁion of substrate spec1ficity to be carried out it
would be necessary to rely on the purified forms of these

enzymes.

5.1.;.4,3' Reduc'tase .pH Optima
fhe pH profiles of metabolic reductions by rat' or
‘rabbit liver preparatlons fortified with either NADPH or NADH
were examined. The extent to which reduction of prOpiophen-
one (I) and phenylacetone occurred was measured over " the
range pH 4~-10 - in Tris-KCl buffer (Fig. 32) -~ In ali
instances, an acidic optimum was observed, regardless'Jof
species, substrate, 'or cofactor. Only slight reductase
actiuity’was‘ detected below pH 4 or above' pPH 14. These
results were consxstent with the findings of Felsted and Bachur
(498) who reported that although aldehyde and ketone reduc-
tases normally have pH optima ranging between PH: 5.0 and 8. .5,
most enzymes operated best w1th1n a range of pH 5.5-7.0.
When incubated in the presence. of rabbit - 10 600Xg
supernatant, ma ximum reductase rates were detected at pH 6.0
for propiophenone and at pH 6.8 for phenylacetone (Figures
32D and 32B). Similar pH profiles ‘were, observed when' elther
'NADPH or NADH was utllized as the coenzyme. = With rabbit
liver preparations, a broad pH optimum for both substrates

was dispia}ed. . o
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Maximum- actlvity for ;h:/;lduction of phenylacetone by‘
INADH fortified rat llver supernatant occurred at a s8lightly
lower pH (5 8) than what was observed ‘with ‘rabbit -liver
preparations_(Fig. 32a)° 'No optimum PH could be determined
when.an.NADPHffortified preparation was utilized; Reduction
of propiophenone (i)‘inluitro by rat resulted in two distinct
pH optima, depending on the cofactor empfoyed (Fig. 32C)..
This suggested'that‘at 1east—tyo distinct reducfases, capable
Aof,reducing'thie aromatic ketonef(I), were present in rat
'liuer. Maximum activity was ev1dent at pH 6.0 for the NADP-
llnked reductase. and somewhat higher (pH 7.0) for the NAD-
dependent reductase. No other example of an. NAD-gpecific
aromatic ketone reductase appears to have been reported

although several NAD- Linked aromatlc/aldehyde reductases have
been 1solated which displayed very slight react1v1ty towards
aromatic ketones (232, 289, 362, 379). These enzymes were
quite different from the classical NAD-dependent pyrazole-
sensitive alcohol dehydrogenase (ADH), and are not considered

true ketone reductases.

5.1.1.4.4 Reductase NADH-Synergism
It has already been SUggqeted that a synergistic
j :

enhancement of the mixed function /oxidase (MFO) system could
occur. if both NADP and NAD,Fin their reduced states (NADPH,‘
NADH), were made available (Sect}on 5.1.1.2.3.2). While the
mechaniam of metabolic reduction/is undenlably different from

o /
v .
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that of microsomal hydroxylation, *i'hboth p”rocesses do rely"n
the acceptance of two reducing equivalents to complete the
reaction. It was of interest thé%fore, to determine whether
.a similar synergistic effect would be observed with ‘the
.ketone reductese system in the presenCe of both cofactors.
This might possibly provide some insight into the source of"
the second reducing equivalent required during reduction.

The reduction of\ propiophenone or pne\;nylacetone by rat
liver 10 000Xg supernatant fortified by vazying proportions
of NADPH and NADH was monitored (Fig. 33). u\':r})’;ge information
presented in Fig. 33B shows that. concur'rent addition of NADPH
dia not increase the level of "the NADH-mediated‘ reduction of
pnenyiecetone. Maximum activity was observed w1th 100% NADH,
wherees increasing* the proportion of NADPH e'%‘fectively ’
decreased the overall extent of metabolic reduction. With
propiophenone however, reduction did increase marginally w1th
the avajilability of both cofactors. The highest 1level of
reduction (65%) was obtained »at_a cofactor ratio of apprdxi-
-mately 70/30 (NADH/NADPH). While this was greater than with
either coenzyme separately, the effect was neither synergis-
tic nor completely additive (Fig. 33A). This outcome'might
have been expected based on information obtained from an
earlier study (Section 5.1.1.4.3) wnich suggested that
propiophenone could be reduced by either of two cofactor-
"~ distinct enzymes found in rat liver. With the simultaneous

addition of both cofactors to the incubation mixture, an
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NADP- dependent reductase and an NAD-dependent reductase were
each able to separately_ contribute to the total product

“ formed.

5.1.1.4.5 Metabolic Dehyd?ogenation of Alcohols

CIf the enzyme systemé which are present in 10 000xg
supernatant -of hombgenized rat and rabbit 1liver and wpich
have been shown to be capable of catalyziné the reduqtioﬁ of
propiophenone and phenylacetone are in fact oxidore—
ductases (12, 19), these systems should also be capable'of
oxidizing (i.e. dehydrogenatihg)lthe réduced forms of these
ketones (i—phenyl-l—propanol and l-phenyl—Z—éropanol,
respectively)‘ back to .the <corresponding ketones. This
oxidati§e property was observed (Table 13). The extent of
dehydrogenation var}ed with both substrate ahd species.
Oxidation of l-phenyl-2-propanol to phenylacetone occurred to
only a minor 'exﬁent regardless of whether a rat or rabbit
liver preparation was used, or whether NADP or NAD was the
cofactor employed. Dehydrogenation éf l-phehyl-l-propanol to
propiophenone also oécur;éd to only a small deg;ee. with
‘rébbit liver 105 000Xg supernatant fortified with either an
NADPH- or NADH-generating system. A significantly\ greater
amount (16-18%) of propiophenone was produced when an NADP+
or NAD* fortified rat liver preparation was utilized: This
formation of propiophenone f;om l-phenyl-l-propanol was an

example of the metabolic oxidation of an a-arylalcohol to the
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corresponding ketonic. compound. In a'reoent review, Testa‘tl
and- Jenner (11) olaimed that no examples of metabolic

R >
~dehydrogenation of a-ary}alcohols 'to aromatic ketones were

known,vbutl in fact, several have been reportea. Liebman
(493) observed thet- l-pﬁenylethanol- could be oxidized to
~acetophenone with either NADP+ or NAD; fortified rabbit liver
cytosol. Culp and McMahon (42) have reported that E-methox—
ylbenzyl alcohol was slowly oxidized at a high PH (10—11) 1n
the presence of an NADP+ 30 OOOXS rebblt kldney supernatant
preparation, although there was na ev1dence of oxidation at
pPhysiological pH (7.4). ., The report by Slnshe1mer et al.
(466) that the in v1tro metabollsm of norephedrine with
rabbit liver homogenates yielded 1l-phenyl-1,2-~ propanedioneb
as a minor metabolite also 1nd;oated that dehydrogenation of
a benzylic alcohol group hed occurred.

Not all metabolic reactions involving an ox1doreductase
enzyme are reve;s1ble, however. Thevrever51b111ty of such
reactions appeared to be due in part to the nature of the .
alcohol substrate, as well ‘as the reaoting enzyme. ' For
instance, metabolic oxidetion could hot be demonstrated with
several close analogs of-l—pheoyl—l—propanol {11}, aitbough
IT itself was substantially oxidized in the presence of
fortified rat liver 105 000Xg supernatant (Table 13). The
dehydrogenation of 2-hydroxy~l-pheny;-l—propanone (VII),‘ao
analog of l-phenyl-l-propanol (IV), was also unsuccessful.

Felsted and Bachur (12) however, have stated that very few
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reverse oxidations are obserQed below pH 8-9. ‘This probably
accounted‘for the I;w or. abaent dehydrgijnation activity.
detected with the substrates tested in th current study.
The oxidation of 1— phenyl- l-propanol by fortified rat liver
supernatant appeared to be the exception. K

5.1.2 Stereoselectivity of Hetnboliq Reduction

| Metabolic reduction -df:. an unaymmetricel getone
'containing compound will yield .an alcohol possessing an
asymmetric cente;.' _Aa greater numbers of biologicql
Occurrences are being explained in ‘terms of molecular
: internctions, it was of interest to examine the relationship’
between metabolic reduction and its ' stereochemical -
significance. It has neenvdeecribed previcusﬁy hoﬁ~aeveral
ketones o undergo | o la . Btereoselective
reduction by mammalian reductases (Section 3.1.3.2.3). 1In
the current etndy, the metabolic reduction ‘of three
,arylelkylketones (p;opiophenone, I:; phenylacetone, III; and
l—phenyl-d.2~propanedione, V), and procedures which allowed

effective separation of the recovered atereoisomeric alcohols

(RS 1-phenyl~1—propanol, IIy §§71—phenyl-2-prcpanol,

IV: and erythro/threo-l-phenyl-l,2—propaned161, VIII) were
investigated. In vivo and in vitro metabolic reductions were
studied in two species and a comparison of the extentq to

which stereocselentivity occurred is p:ovided.”

i
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\
5'.‘1.‘2.1 Resolution of Stereoisomers
| To determine the degrec of stereolelectivity, a reli-
able method was required for the rcsolution of alcohol
stgreo;lsomers_.v Conventional methods for determining the
optical purity of metabolites have gcncrally rclied on 1.01&-
»tixig auffic;ient quantities of the product. for polarimetricl
analysis (102, 118, 499-501). With many metabolic studies,
however, the amount of product available for ltereochemical
analysea is often very small. This makes isoclation and
rgpolution procedures, particularly the accurate -méanurement
of optical rotation, extremely diff:lcu.lt. Thg use of chiral
rea:gents and subsequent analy:ii of diasterecisomeric
products by GLC {502~ 507) offered a very lenoitive alterna—
tive procoﬂnre Fnr the quantitation of stereocisomeric metabo-
lites. ,
AInitially. it was neceaaary to determine the GLC
elution sequence of the mixtures of diantereosiomers formed
by the reaction of the racemate alcohols (II and IV) with the
chiral reagents '(_s_(f)-owmethylbenz)'rl isocyanate, MBIC; R(-‘)-
menthylchloi‘of.;)rmate, MCF]. To. accomplish this, authen-
tie nmqblcn of II and IV werm -yhthe.izod by a procedure
.ia;hich was known to produce the alcohols enriched in one of
the enantiomers. I-Phenylm1~pr9panol (I1) was prepared
by the aaymmetric_ reduction ofv propiophenone (I) with a
sodium L-—proline borane complex to yield a- mixture of the

enantiomars in which the ° g(-)-isomer prgdomingte_d._ A
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comparison of -the umgnitude of the optical rotation of the
\ mixture with that of a pure sample‘“ of S§-(-)- l-phenyl—l-
_propanol permitted the calculation of the amounts of S( )-I1
" and R(+)II in  the synthetic product (Table - 14).
l-Phenyl-Zépropanol (IV) was prepared from phenylacetone
(IIX) in a similar manner. The mixture of stereoisomers was
strongly dextrorotatory. indicative of 'S(+)-IV being in
enantiomeric exceee. The calculated ratio of S(+)-IV/R(~)-1IV
is 41lustrated in 'rable 14. |
The mixture of stereoisomers, RS-II or RS-IV were then
reacted with the chiral reagents (MBIC and MCF) and the
products analyzed by GLC (Fig. 34). - The inability'to deteot’
any unreacted alceohols confirmed complete derivatization.
Peak areas were‘ integrated vand ‘the ratio of isomers
calculated‘ The values obtained were in close agreenent with
those determined from polarimetric data (Table 14),. thus~
permitting peak identification. |
| The efficiency of peak resolution varied. A superior
separation of R- and S-l-phenyl ~2-propanol (IV) was achieved\
after derivatization -~ with S(+)~a-methylbenzyl isocyanate
(MBIC) than with. R( )-menthyl chloroformate (MCF) (Pig. 34).
‘This resulted in ‘a more precise determination of optical
purity using MCF (Taple 14). With R- and ‘g-l—phenyl-l-
propanol.(IIY though, better GLC separation was 'obtained
following derivatization with MCF than with MBIC. gJ36wever,

the calculation of isomer ratios from the two chromatograms

e
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TABLE*JM The Stareochamcal Analys:.s of Alcohols obtamed by Chemical

Reduction of Azylalkylketcnes A Carpan.sm of the Rat:.o of Ehantlanem-s
Detected by lefa:ent Analytlcal Methods : . )

2

e

~

. ’ Co L N | : " e
METHOD OF ANALYSIS - v ALCOWOLS . .
= T II P |

FORN ’pommrmc»" 0 712/28® ‘e0/40°
| DERIVATIZAEION / Gmc '

: R(-—)-manthyl ‘ e _

o o chloroformate ‘ rn/ » 65 / B |
(+)-a-methylbenz,yl © o .
S g J.socyanate 7.21/;28 " ‘58./'4.2 I

———
. a‘

RATIO OF ENANTIOMERS: 1-PHENYL-1-PROPANOL (II), S(-)/R(+)
1-PHENYL~2-PROPANOL (IV), S(+4)/R(-)

b ansnn ON [u] <32, so (c=5.1, EtOH). Pickard andiKenyon (440).

© BASED ON.[G]D+16.10v(c-5,§, EtOH).KPickarﬁ and Kenyen (440).
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were virtually identical and in excellent; agreement with

'those‘bbtained polarimetrically (Table L4).

5.1.2.2 Stereoselective Reduction of Ketones

‘5.1.2.2.1 'Propiophenone and Phenylacetones

in V1tro(10 OOOXQ liver homogenate) by rat or rabbit, 93-97%

>

Having illustrated that the enantiomers of the racemate,
alcohols (II and 1IV) could be efficiently separated andi
quantitated as the corresponding diastereoisomers, it was
possioie‘to determine the extent  to which stereoselectiv1ty
occurred during the metabolic reduction of arylalkylketones
(I, 111) aud to assign ebsolute configuration 'to the pro-
ducts. Dataysummarized in Table 15 reyealevthat the metabol-
ic.reduction'of‘.propiophenone (1) and phenylacetone (III)
demonstrated a high degree of product stereoselect1v1ty The
o:rabolites, l-phenyl—l-propanol (I1) and l-phenyl—Z-propauol
(IVv) respectively,-were recovered predominantly as their S- -
isomers in all studies with one exception, in vivo reduction
of I by rat produced approxlmately equal amounts of the R-
and S- 1somers. |
5.1.2.2.1.1 In Vitro Reduction

It was observed that when pr0piophenone (I) was reduced

fora pe - LT e e T e m om e e

of the product alcohol (II) occurred as- the S( )éisomer, the,"':

remainden~being -the R(+3 fornx (Iable. 15) fm §pecies’.di£-t'

ferencea were minimal ‘and cofector;u NADPH or NADH were

. equally ef,f‘iC.i.erzt: A structurally related alcchol, 1-phenyl-

5 .
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Ste:reochanlcal Analysm of Alcohols obtained from the
Metabolic Reduction of Arylalkylketones.

4

METHODOLOGY

RATIO of ENANTIOMERS
of METABOLIC ALCOHOLS ©

SUBSTRATE - SYSTEM

' " Rat = . Rabhit

I IN VITRO  NaDeH NP 51 % / 4 93/ 7
NADH N/P 97/ 3 %/ 6

INVIVO & - NP 57/ 43 .91/ 9

L - BNIDE 52/48 . 83/11

el ACTD 42/5  65/35

I IF VITRO  NADPH N/P v 9/ 9 94/ 6
NADH NP 90 / 10 - 92/ 8

W vIVO —_ N/P 8l /19 87 /13

—_ ENZYME 80 / 20 88 '/ 12

_— A 72/2 . 19/2

GENERATING SYSTEM; GLUCOSE?G-RHOSPHATE nqc12. and NADP+ -ox NAD+ o

b HYDROLYTIC PRETREATMENT OF BIOLOGICAL SAMPLE; N/P ~NO
ENZYME -B-GLUCURONIDASE (15 000 U/ml, . INCUBATED 36 u:.
JACID ~pH«<}: (w'mcuvzn%o Hin m: 125 md 15 pu )

€ RATTO OF NANTIOMERS ( aa ‘DIASTEREOISOMERIC DERIVATIVES ); 1-PHENYL-1-PROPANOL

S(=)/R(+)-11
S(+)/R(-) =1V

as’ R(-)-MENTHYL CHLOROFORMATE DERIVATIVE,

- -

msm -
gty

[ET Lo

“PHENYL 2—PRQPANDL

as 5(+)-a-mmmwm ISOCYANATE DBRIVATIVE

PR
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l—ethenol, produced by the reduction of ecetophenenone tn the -

Presence of a rabbit 1liver preparation (507) or a rabbit

kidney preparation (42) was similarly found to be predomi- ;

nantly in the S(-)- form (97% and 76% respectively)

In vitro reduction of phenylacet&he (I11) in rat and
rabbit coincided with that observed with substrate 1I. The
alcohol,,l—phenyl~1—propanoi (IV), was recovered mainly as
the S(+) -enantiomer (90—94%}, regardless of species or
cofactor (Table 157). AAlthough the extent of ih vitro reduc-
tion of arylalkylketones was shown in earlier studies
(Section 5.1.1.3.2) and by others (13, 42, 298, 457, 493,
508, 509) to be highly dependent on both species and
cofactor, the present study indicated that enantioselective
preference was virtually dnaffeCted by these variables. This
conE}usion was also supported by ‘Bently (510) who deduced
several generalizations about the stereospecificity of
enzymic reactions. These were, i) that the stereospecificity
of a particular reactioﬁ is independent of the source of the
enzyme which catalyzes it, ii) that when an enzyme can use
‘edtﬁer-xﬁb+_5§orv’MNAoP; (or - twelr - reduced forms) the
stereospécifioity »ofb’the reaction 1is the_ same with ‘both
.coenzymes, and £11) - that- when an. enzyme reacts with a range
of. gubstr&tes, the stereospecificity of the hydrogen’ transfer

dis the ‘same with eacb substrate.
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~

5.1.2.2.1.2 In Vivo Reductions

- If Bently's (SIF) generalizations reproduced above were
indeed correct, a strong correlation between in vitro and in
'liv_o' studies would therefore be expected. In the current
investigation thisx was indeed Qhowu to hold true for both
substrates (I, III) when ufilizing “rabbit (Table 15). A good
cofrelation was also demonstrated between in viQo and in
vitro reduction of pPhenylacetone (I1I) in the rat, but not
when propiophenone (I) was . the substrate. In the latter
instance, enantioselectivity was clearl;}.' demonstrat,ed\syin in
vitro studies, but in vivo reduction of I appeared to be non-
stereoselective.

In vivo reduction of propiophenone (I) by rabbit gave
results comparable to that observed in the cor_résponding in
vitro studies (Table 15). Apprpx'm&tely 90% of the alcohol
recove:‘ed from. urine was determined to be S(-)~1-pheny1-1-
propanol [S(-~)-II]. An earlier study by Smith et ‘al. (102)
indicated that following administration of propiophenone (1)
to rat‘)btits, its metabolite II was isolatgd entirely as the
8(- )~g‘lucpronide ‘conjugate.

In vivo reduction 'df pheny.lacet'one (ITI) to itg corre-
- sponding alcohol i—phen-yl-2-propan01 (1IVv), also resulted in
the preferential formation of the S-isomer [S(+)-IV] (Table
15). The ratio of enantiomers §f IV [S(+)/R(-)] formed‘ by

rat and rabbit in vivo were 81/19 and 87/13 respectively,

which corresi)onded to approximately twice the amount of R(-)-
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Iv Produced in vitro In-agféement, a previous study indi-
cated that when phenylaceto;e (111) was_orally administered
to rabbit, the g—isomer_ of l-phenylpz—propanol_"(IV) was
preférentiall}ﬁprodﬁéed (114). In fact, no trace.of R{+)-IV
coﬁld actually be found.

The one ;homglous‘situation was the apparent loss of
Stereoselectivity observed with the in vivo. beduétion of
propiophenone (I) in rat; this was suspected to be due to the
further prefer;ntial metabolism of the S(-)-isomer of the
resulting alcohol metabolite, l-phenyl-l-propanol (11). A
related investigation by McMahon and Sullivapl(511) involving’
an analog of 11, supported this suggestion. They established
‘that when l~-phenyl-~l-ethanol was administgred.to rats as the
R(+)-isomer ‘i;g/nnderwent extensive conjugation and was

excreted large as the glucuronide, whereas the S(-)-isomer

was further oxidized to, §(~)-mandelic acid. In order ‘to
determine if similar circumstances coﬁld ﬁave accounted for
the loss of product stereoselectivity observed with the
metabolic reduction of propiophenone in vivé iﬁ.fat; the:same
study as above was duplicated in whiqh the ketpne substrates
(I, IT1I) were replaced by the corresponding alcohols (11,
IV). By this procedure, it was,possible,tondetermine whether
the product alcohol indeed underwent  some sequential
stereoselective'éhange in vivo. |

The two alcohols under investigation were separately

administered orally as racemic mixtures of isomers to both



rat ‘and rabbit. Isolation and’ stereochemical analysis of the

excreted alcohol substrates were again carriéﬁﬁ out in the

R

___same manner as prev1ously used.

The. results given in Table 16 show that following oral

,administration of léphenyl 1-propanol (II) in a known' -iso- '

meric ratio [49 S( )/51 R(+)J, its recovery as a Urinary‘f e

-s-metabolite_.showed' a marked~ decrease in the relative

proportion of the S~ isomer. regardless of species. By far
the most significant loss of the S II isomer occurred in rat[

where the ratio of “isomers of the recovered alcohol (I1) was

~calculated to’ be only 15% as the s(=)" ifomér. ‘angd BS%/intﬁewﬂll‘
- R(+) form.'. The change in the ratio 'of 1somers follow1ng

:treatment of rabbits was less dramatlc. ' These results

strongly indicated that the apparent‘ complete .loss bé
stereospecific1ty detected during in Vivo metabolic reductlog)
of propiophenone (I) in rat did not actually take place
during reduction, but was the result of subsequent'in vivo
interactions which . occurred breferentially with  the

S(~)-isomers of l-phenyl-l1— propanol (II).

The ratios ofvisomers isolated from the in vivo studies
were shown to vary somewhat depending on the nature of the
hydrolytic treatment of the urine samples prior to extrac-
tion and derivatization of the alcohol metabolites
(Tabie 15); A noticeable increase in the' amount of R(+)-11

recovered, relative to that of S(~ ) II was observed in both

species after enzymic hydrolysis (Table 15) 84nce_itfhas:5f:7‘

¢
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TABLE 16. The Stereochemical Re-analysis of Arylalkyla.lcohols Recovered
. follow:.ng Their In Vivo Administration; as a means of determining if
either of the two Enantiomers of Chiral Alcohols undergoes further
Preferential Netabollsm In Vwo.

. : . © RATIO of ENANTIOMERS
METHODOLOGY . _ o of RECOVERED ALCOHOLS, *
: . ' T b - . L ' '
- SUBSTRATE RATID of PRETREATMENT o * SPECIES |
(ALCONOL) - ENANTICMERS ° . o RAT 'RAEBIT
o 8 49 / 51 NP 157/ 85 8/
ENZYME ' 12 / 88 19 / 6
w .52/ 48 ° NP 37 / 63 “ /56
BZYE 38/62 40/ 60

* ADMINISTERED RATIO OF ALCOROL ENANTIOMERS :
II (l-phenyl-l-propanol) - 49/51 S(=)/R(+) '
IV (l-phenyl-2-propanol) - $2/48 S(+)/R{-).

b HYDROLYTYIC PRETREATMENT OF BIOLOGICAL SAMPLE;

N/P - No Pretreatment, N
ENZYME - B-Glucuronidase (15 000 U/ml, ingpbated 36 ur, ar 37%'().
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already been cemonstrated that both enantiomers of II undergo
glucuronide conjugation in .rabbit (114), this Observation
suggests that a greater‘,portion of the §(+)-isomer5risf-
conjugated relative to-the S(-s-form. - Only minor changes °
- were detected in the S(+)/R( ) ratio of 1l-phenyl- 2-propanol
(IV) after hydrolysis with B8~ glucuronidase when compared to
.the ratio obtained with no pre-treatment of the urine
: eamples.

'. ; The much higher levels of R(+)-II and R(-)- IV measured ‘
-after acidic hydrolysis could posbibly‘have beeén’ due to\a‘"~
more efficient cleavage -of the conjugate with acid treatment:
“than -with B—glucuronidase. ,;_ However,. a -more- plausible
,explanation is that racemization of isomers occurred during
the harsh treatment created by .conditions of 1low QH and
. elevated temperature (499)w“This would also account for the
difficultx in obtaining reproductible results: following

*

acidic hydrolysis.

5. 1 2.2.1.3 Product Stereoselectivity - Bmpirical N
. Prediction- ‘ | ‘ .. '_
The enantioselectivity of the metabolic ’reduction of
the arylalkylketonee.(I,.III) could be rationalized, using
the formula established by Baumann and Prelog (113) (Fig.
35A). This formula essentially stated that if the ketone
containing structure is_ viewed with the larger substitutent

placed-to‘the left, reduction mainly occurs such that the
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T~

FIGURE 35. A) Pre.log'smle o-f preferr product stereoselect.wlty |

B) Predicted configuration of alcohols produced b
e ton € ohols produced by the metabolic.
-reduction of ketones propiophen enone (1) and pPhenylacetone (IIT); ‘

, ¢ . based on Prelog's rule. - " -

R

o o os-In

r- o S U
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resultant hydroxyl group ‘rises above the plane of the
) wolecu}e.¢_Propiophenone‘ (I) and phenylacetone (IIIQ .could
?therefore, be predicted to have been preferentially reduced

to alcohols with an s- configuration (Fig. SSEJ

5.1.2.2.2 1-Phenyi-1, 2-propan'edioi1e

In vivo and in vitro metabolism of l-phenyl-1,2— pro-
panedione (V) wag also investigated. in. rat: and Yabbit.
Reduction Yielded three metabolites ' of ihtere;t to' this .
study; lwhydroxy-l-phenyl -2-propanone (vi), 2—hydroxy—i—
phenyl l«propanone (VII) and 1-phenyl-1,2-propanediol (VIII)
which was obtained as a mixture of its diastereoisomers-
(erythro- and threo- VIII) (Table 17 ). Neither of the inter-—
mediate ketol metabolites (VI nor VIT) could be completely
derivatized _with elther -chiral reagent (MCF or MBIC) and
htherefore, the optical purities of theae metabolites could
not be established. Similarly, the fourwcomponent mixture of
optical isomers of the diol, VIII (1S2R-and’ 1R2S-e£xthro,
1828— and 1R2R Ehrgg) could not be aeparated using the chiral
reagents, but it was possible to separate the diastereoi-
BOmers as theirvtrifluoroecetyl derivatives (Fig. 21 ).

By applying Prelog'e rule, it wesvoossible to predict
the stereochemistrj of the diol (VIII), assuming that reduc-
tion proceeded via the ketoalcohol . intermediatea (VI, VII)
and that the pattern. of preferred etereoselectivity remained'v

congtant (Fig:. 36). Consequently, -phenyl-1.2~prop&nediol '
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TABLE 17. The Stereochemical Analysis of 1-Phenyl-1, 2-propanediol (VIII)
obtained from the Metabolic Reduction of II‘.-Phenyl-‘l.,Z‘-szopanediq:g__(V), .

. ‘ RATIO of DIASTEREOISOMERS
METHODOL 0GY

of VIII ©. \

mvItRO napem N/P 97/ 3 57/ 3
NATH N/P %/ 6 ®/ 2

I vve - B % SN LV " I 86 / 14

— DanEe 74/ 26 87./ 13

= AcTD B TR R AT

. GENEFATING SYSTEM; - GLUCOSE-6-PHOSPHATE, Hquza and NADP+ or NAD+.

® wyorovyric PRETREATMENT OF BIOLOGICAL SANPLE; N/P -NO PRETREATMENT,
ENZYME -B-GLUCURONIDASE (15 000 U/wl, INCISATED 36 Hr. at 37°C),
ACID -pH<1 . (AUTOCLAVED 40 Min. at 125°C and 13 pei.)

© RATIO OF DIASTEREOISOMERS, erythro/threo-1-phenyl-1,2-propanediol (VIII):
as TRIFLUOROACETYLATED DERIVATIVES.

>
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' IFI'GURE 36. Predicted configuration of alcol'nls'obta.ined fram the
metabolic reduction of 1-phenyl-1, 2~propanedione (V); based on
Prelog's rule of preferred product stereoselectivity.

S-VI

OH

o - 1S2R-VIIT
‘ _ / (erythro)
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and NADH)

201 -

"‘e'should have occurred predominantly as the 1R2R—diastereoi-

. 5aomer. Although it was not possible to. resolve the 1R2S and

1SZR egythro isomers, this prediction was accurate inasmuch
‘as the diol (VIII) recovered from the redyction of the dike-~-

tone in vitro by either rat or rabbit liver preparations was

“h:mainly (94 98%) in the gythro form, the remainder being -

threo~VIII (Table]ﬂ ). As demonstrated earlier with ketones

I and 111, the stereoselectivity observed with in vitro
"reduction;of -'1-phenyl-1;2;propanedione . showed  minimal

variation'betWeen rat/and‘rabbitt or between cofactor (NADPH

e

, The diol (VIII) recovered from in vivo studies was also
predominantly the: erythro diastereoisomer, although a greater

amount of the threo compound was present compared to what was

’ obtained from.in vitro studies (Table 16). However, caution
B e —————,

should be exercised when attempting to explain this apparent

decrease in stereoselectivity, since additional faccors such

has further metabolism, and differences in distribution andv

elimination may ‘contribute to the. overall variation in

e recovery of diastereoisomers. There is also the possibility
‘ that racemization resulting from the chemical interconversion

" of the ketol intermediates (VI ""VII) occurred to a small

extent (see Section 5 1 1 1.2). .

’

Hydrolysis of urine with either Béglucuronidase or aciaq
.caused -no change in the ratio of diastereoisomers (VIII)

(Table 16) | Although this suggested that both the erythro
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‘and threo isome£§~were conjugated to the same extent, it was.
threo
' perhaps more 1ikely that due to “*the highly polar nature of

the diols, neither 4compound ( Ezthr o-VIII nor. threo-VIII)
?v .
underWent conjugation prior to being excreted ‘in the urine.
. N Lt - ’ -~ -

R I,
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"5 2° EXTRABBPATIC DRUG HETABOLISM - THE beTRANSFORHATIOﬂ OP ”
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AHPHETAHiNE IH RAT BRAIN TISSUE
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5 2:1 Introdueeion
When admlnistered in vivo, the sympathomametxc amine,
améhetamlne;v'ean undergo a  number .of -metabolic changes

., depending .on the species (175, 512-514). With rat,

the predominant metabolita produced and excreted 1n urine is

AR RS Rrra R 2wt

£

Tﬁ;gpfhydroxyamphetamine. along with very small quantities ofﬂ
norephedrine and thydroxynorephedrine. In attempts to
asaociaae'these metabolites withxaome of ' the pharmacological

Mactiona of amphetamine, their presence in various brain
regions andbofher'tiaaueawﬁave been extensively investigatead
(148, 154, 156-162, 178, 515).  But while -‘there is
'conaiderable evidence which indicates,;hat tissue levels ofﬂ'
these metabolites doeslinflﬁence the intensity of several of

the behavioral responses identified with amphetamine. the

distribution of these nmtabolitea is unclear. It has been

'suggested that amphetamine is first para—hydroxylated in the

liver (160, 178, 516, 517) and trace amounts of the result1n§
'pfhydroxyampheramine permeate the b;eod brain barrier and .
accumulate in brain tissue where Qggarhydroiylationv to
prhydrorynorephedrine occurs (170; 179). However, there is
alternative uvidence from in vitre etudies to indicate that
brain tisasu= also has the capability to. . p-hydroxylate

amphetamine (162).



HThgvcu;;ent investigation was . initiated in order to

' pfovfde information on the extent to-Whidh'Eatg-»and beta-

hydroxylation occurs in vivo in cerebral tissue. . The
disposition of amphetamine, p-hydroxyamphetamine,

norephedrihe, and B—hydroxynorephedrine was studied in brain
of ratsf£reatéd with a single dose (ig.) of‘eaCh of these
cqmpgupds;.‘Inﬂanitiqn,lpgra};e%'in"yitro,mqtapoligmAptudies
were carried out u;ing NAbPH-fort;fied rat brain 10 000Xg

‘supérnatanf.

5.2.2 1Isolation, Identifi_.caﬁion and Quantitation of Trace
Met&bolitea from Biological Samples

Amphet#miﬁé (x11), 'an;phedrine_ (XIV), and their
metabolites; 27hydfokyamphetaminé (X111) and
.,we;hydtoiynorephedrine (xv) were. expectéd"to be present in
brain samples in tréce concen£ratiéﬁs. Various ﬁefhods h£ve
been developed for the determination of trace quanfities of
tbesevand reiated amines in aqueous samples. Procedures are
éenerally complex and employ tritiated vompounds (148, 151,
154, 158, 162, 179, ‘515, 516) or the extraq;’ion of the
compounds into an ofganic solvent foilowed by d:fivatizatiop;
with a reagent sensitive to electren-éapture detection'(163.
178, 181). This latter.extractibn—derivatizafiop prééedurg
S was cqpfirmed“to be successful for the analysis of several

‘amines if present in sufficient quantities, but a poor
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sensitivity was demonstrated for Phenolic amines which were

normally inefficiently extracted from aqueous solution. In

addition, a major problem .involving extractions of biological_,;;

samples ‘with organic solvents was the co-extraction of
endogenous compounds which subsequently interfered in the
GLC analyses. This not only hampered attempts to analyze
compounds in the sub-microgram range, but also resultedlin a’
.POOT  reproducibility . .at lower - ¢oncentrations. .. For
the brain analysis in the current study, an extraction
pp0cedure developed by Coutts,‘Baker, and coworkers (518-520)
'uas adaofed“wﬁich'permitted quantitiative recoveries of all
. metabolites, as their acetylated derivatiees, from biolgical
samples. Subsequent perfluoroacylating reactions with PFPA

or TFAA and the use of EC-GLC successfully permitted the

to, low ng levels.
While .invest'gati | the GLC properties of biogenic
amines as' _ ted and/or .perfluoroacylated deriva{
tiveg, it was necessery'toifind the optimum parameters for
the separation of the;\ compounds. Different column liguiad
Phases with varied pglizities were tested, and the silicones,
.OV-17 and .-0V-101 / were found most suitable. Shown in
Table 18 are the vetention times of the parent amines and
their derivatives vwhen chromatographed on 5% OV-101. 1Identi-
fication of th ‘GLc peaks was achieved by mass spectral

analysis.
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TABLE 18. Structures and GLC Retention Times ‘of the Acetylated and/or
Perfluoroacylated Derivatives of the Biogenic Amines Tested: . -
Amphetamine (XII); p-Hydroxyamphetamine (XII1); Norephedrine. (XIV);
p-Hydroxynorephedrine (Xv). : e

S . e -
I AL IR g™
. o as 4 X “

" - ‘ - ,CH
Rs 2 | %
’ -+ . ' .
.; '., g'.;.'.._.. . w ,.,..CH;Q e e e s may

R “.w a°, i’
e e . RETENTION ..

T WCOMPOUND T Ry R,” TR, TR, Rs &

XIT .- H H H o w 1.20
XIH W ,'.'Hil'u-f,-uﬂ» SRR OH . -7 . g3 C
vy H Moo 3.5
XV H H "OH_ . OH | et
XIla S COCH; L H ey 7035
X11a H éocn3 H 0COCH,8 | 1.0°
) XIVa .. Hoe o COCH, OH 8.0°
Xa H COCHy oW ococ, 15.0°
XITb  COC,Fg — cocHy W oW 13.00
| o » o S
X111b COCpFs  COCHy W ocqeH, | 15.0
XIVb COCpFg  COCH; . 0COC,Fy M C 160
| .
XVb COCpF5 | COCHy . OCOC,Fg  ocOCH; - 5.0
XIVc - - - CH 3,10
e oL — . ococH;  2.0"



TABLE 18 continued.

S X W T COGH; . W oW e
NG w

0COC,Fs ~ 0COC,Fy 165

CURIEE - Ko gOCH - - 0C0C,Fs - . . .8.80

W - - -- -- 0CO0C,Fg  4.05

H

H .
L U
H

f OCOC2 3

-+

XITIh TR coCH3 W . ocOCF, . B°4s

.20

»

Xvho- - 0COCF,

X cocky

| R T 235
X111 - COCF,

H .
H W Cocock, 3.90-
XIVi O ococF, - W . 1.90
i GOCF; W OCOCF;  OCOCF, 2.85
! RETENTION TIME: 5% Ov-1014(1.26 m; 4 mm i.d.), OVEN
TEMPERATURE PROGRAMMING, 120°(4 min)— 180° @ .4%/min.
Z_NoT'ELUTED.By‘GLc AT ANY TEMPERATURE.
3 ovEN TEMPERATURE 1800 [ISOTHERMAL).
4 OVEN TEMPERATURE 2500 (ISOTHERMAL).
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"5 2.2 1 Derivatizations :qnfzf”'wf:“ S f;=;~,,ﬂ:«.~~
5 2 2. 1 b & Acetylation/Extraction pf“ﬁ o ~ |

o Effic1ent extraction of the amphoteric metaboliteS«.
(X171, XV) into an organic solvent was made-possible by their
prior aqueous acetylation to 11pophilic N,O- diacetates (XIIa,
XVa) (Fig. 37A) Acetic anhydride'(AA) was used successfully
for the preparatlon iofi these derivatives.,.‘jThe’ reaction

propeeded rapidly at room temperature using AA 'in an amount'

—-— . T
a - a a "

equal to one—tentﬁ the volume of the aqueous sample. . This

acetylation procedure also converted-amphetamine (XII) and

norephedrine (XIV) into their N-acetates (XIIa and XIVa,

respectively) (Fig. 37B). e"Bdhydroxyl group of both XIV

_or XV did not undergo : acetylation. In ‘this one-step

derivatization and extraction method “the acetylated amines,
exhibiting a more lipophilic nature, were extracted from the
aqueous pnase~at .neutral pH into the organic - layer (ethfl
acetate) in sxguiimnmly improved yields. " The recoveted
acetates (XIIa - XVa) all demonstrated an excellent thermal
stability which permitted GLC analysis *. at very high
temperatureg ( >250°C).

In Table 19 are summarized the diagnOstic fragmentatiOn
ions of the parent and .acetylated amines. All mono- and

diacetates (XITa, XIITa, XIVa, XVa, XIIId, Xvd) gave mass

spectra which could be characterized by the production of

CH3CH = NHCOCH3* (m/z  86), CH3CH = NH2*  (m/z ° 44)

and CH3C20%* .(m/z  43) fragments. The structures of the
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| FIGURE 37. Derivatization scheme fortheacyiatim of :

~-A) p~hydroxyamphetamine

'B) amphetamine (XTI) and.

{AA = Acetic Anhydr:de)

{XII1T) and

-

' .'-(l;a,, .

H, _COCH,

cu',coogu-gu -N_

Hoqu—éH “NH,
R

H

v;

CXHIT R=H °

Xv R=CH

XIIIa R=H
Xva R=CH

l.

©

H,

A

H; _COCH,

gn— H-N_

H

XII R=H

XIV R = CH

XIIa R=H

XIVva R= OH

209
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2. v TABLE 19; . EI-Masy' Spectral Data of the bdrént Bisgenic-Amings (IT-xv]
- . and Their Acetylated Derivatives: . . . =~ ... TR
. COMPOUND - = - m/z (% RELATIVE ABUNDANCE) . .. .. oo - om7 o7 °
XIT . 135 (absent)[M*]; 120(4)[ Ph-CH,CH=NH,*]; 91(16)
[CHp*1s 65(10)[CeHs+T:  44(100)[CHyCH=NH,*]. R
X111 151(5)[M*]; 107(26) [HO-CgH,-CH,* 15 91(5);  79(6)

[(m/z 107. - C0)*1; 77(24)[CgHs*1:  44(100). *

XIV 151 (absent)(M*]; 107(5)[Ph-CHOH*]; 105(7)[ Ph-c20*];
C T 91(3)s 79(11)[(m/2. 107 ~ €O)*]; 77(23); 44(100). *
XV 167 (absent)[M¥]; 123(5)[H0-c6H4-CH0H*];. 95(5)
[(m/z 123 - C0)*]; 77(4); 44(100). *
xita' . 177(6)[MH); 118(:160)[Ph'—CH,=CHCH3?];' 117(47)

B(m/z 118 - -H)*];  91(75); 86(82) [CHCH=NHCOCH*]
65(23); 44(52); 43(19)[cn3c§o+1. * B

XITla' , 235 (absent){M1]; 176(81)[(M - cuéconuzt];'v134(1oo)
- [HO-CgH,-CH=CHCH ¥]; 133(24)[(m/z 134 - H)*]; 107(57); -
105(7); 86(65); 79(8); 77(19); 44(61); 43(23). *
XIVa 2 193 (absent)[M¥); - 107(11); 105(11); 87(100)[C,HONY];
86(43)[CH3CH=NHCOCH,*];  79(17); 77(23); 72(21)
[(m/z 87 ~~-CH,)*]; 44(38); 43(11). * |

251 (absent)[MY];. 233(11)[(m/z 251 - H,0)*]; 191(47) ‘
[(m/z 233 - CHy=C=0)*]; 149(100)[HO—C6H4-CH¢C(CH3)NH2f]:
134(18)[(m/z 149 — -CH4)*T5 107(17); 105(5); 79(6);
77(15); 43(26). *

XVa
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TABLE 19 continued.

XITTd' 193 (absent)[M*]; 134(100)[ (M - CHCONH,)*1;  133(25)
[(m/z 134 - H)*1;  107(40); 86(31); 77(25); 44(59);
43(12). *
xvd? 2q§¢(absent)[nf];":156(29)t(ﬁ.-¢CH$C6NH2)?];' 123(20); -

121(21)[(m/z 123-H2)"’]; 87(100); 77(31); 72(38);
44(60); 43(41). *

1 P RAGMENTHTION PROFILE - SHOWN IN FIGURE 38.
? FRAGMENTATION PROFILE SHOWN TN FIGURE 39,

3
FRAGMENTATION PROFILE SHOWN IN FIGURE 46,
* THE TDENTITIES OF JONS NOT JABELLED ARE GIVEN ELSEWHERE IN THE TABLE.
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aﬁphetamine '§fmopeeeeteteelA (ina, QIXIIId) were vfurther.
confirmed Sy ,éﬁe_ Presence of major 1695 ot - m/z ' M-59
[ (M- ancoca3)+] and M-60 [(M-59—H)+] _(FJ;g.- .38). The
N, O-diacetate derivative (XIIIa) of thydroxyamphetamine had
a fragmentation profile very similar to’ethat.'of its
N-monoacetate analog (XIIId), although its O-acetate moiety
accounted for the one extra ion at m/z 176 (Fig. 38).
Characterlstic ions in the spectra of the acetylated
alcoholamines are illustrated in Fig. 39 for the gfmonoace—
tates (XIVQ, XVd) and Fig. 40 for the N, O~diagetate deriva-
tive (Xva). -‘N—Aeetylnorephedrine (XTva) and N~acetyl—2~
hydroxynorephedrine (xva) both gave a partidularly diagnostic
fragment (m/z 87) as their _base peaks. which resulted from
the loss of the benzaldehyde moiety from the molecular ion.
The ensuing expulsion of a methyl radical formed the m/z 72
fragment. N-~Acetylnorephedrine (XIVa) further sﬁbwed a
fragment arising fromvB=~cleavage of ite benzalcohol group
(m/z 86) which, although characteristic for all the N-acetyl
derivatives of the amphetamines (XIIa, XIIIa, XIIId), was not
observed in alcoholamine,derivatiyes other ghan XIva. With
N, gvdiacetyl—R-hydroxynorephedfine (xva), it was interesting
to note that the specﬁrum was consistent with its dehydrated
product (Fig. 41): A similar effect was observed by Coutts
et al;'(521) with .the 'g,gfdiacetate derivatives vof
p-octopamine and normetanephrine. Apparently, denhydration

" occurred either on the GLC column or in the mass



FIGURE 38. EI-MS fragmentation profiles of HN-a

N-acetyl-p~hydn
anphetamine (XIIIa).
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oet;yla;rptxetarrlihe_ (xI1a), .

tamine (XIIId), and _IiTQ—diaoetyl-p—hydrmcyb

4
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'FIGURE 39. EI-MS fragmentation profiles of N-acetylnorephedrine (XIVa) -
‘and N-acetyl-p-hydroxynorephedrine (xvd) . ' } -

@cn o- €0 . N uo@-no-

W 108 va T wrln
@a-éu L0~ et NO@Q-&H ,
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XIVa ; m/z 193 (4% ;absent) | XVd ; m/z 209 (Mt ;absent)
.\ B ?‘".a'\.’u
. / /N\
, M COCH,
Wz 86 y R l7l B
e - '
=7
CH,CHaN, CheH u -
Wz &4 CIO/“_\
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.. FIGURE 40. EI-MS fragnmtat:.cn profile of N O-d:acetyl—p-hydroxy—
-_ norephedrine (xVa) ‘ _ ,

»
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FIGURE 41. Reacticn scheme for the dehydration 6f N, O~diacetyl-p-
hydroxynorephedrine (XVa) . o B
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spectromtter, in view of the fact that perfluoroacylation of
.the B-hydroxyl group of the diacetate was still possible
(Fig. 42B). In contrast, the N-acetyl derivative of eith@r,
norephedrinev(XIVa) or thydroxynorephedrine (xva) did not
appear to dehydrate. Exactly why the presence of a phenolic
acétate moiety seemed to‘ promote 'the loss of Ho0 ,frbm

) N ! . [ N

phenYlalcoholJminés is unclear,.

‘5.2.2.1.2‘.Pentafluoropropionylation

Acetate derivatives unfortunately, pcssessed poor
chromatographic properties, including' extrenely long GLC
retention time5- (Table 18) and low sensitivity to flame‘
ionization detection. Injected*samples of less than 1 ug/m1
.concentration were usually lost in the baseline. Attempts
~ were made to pentafluoropropionylate the extracted acetates
(XITa~- XVa) 'to increase their volatility (522- 524) and
improve their detection capabilities by making them sensitive
to electron - capture detection (EC)‘ (Fig.,b42). Mass
spectral datah of the resulting ,pentafluoropropionylated»
compounds (XIIb-XVb) are presented:in'Table 20. It was found .
however, that N-isopropyl , N-acetate biogenic amines were not
eluted as single - peaks when chromatographed as - the
perfluoroacylated deriuatives.v This indicated that either
the perfluoroacylating reaction was incomplete, or that the’a
resulting derivatives were unstable. | The analyses of
solutions of XIIb,.XIIIb,'XIVb, or ’XVb at regular time
intervals by GLC-MS and EC-Gﬁb,. revealed that all‘four‘

derivatives degraded into.’ " products which were

e
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FIGURE 42. Derivatization scheme for the: pentafluorogroplmylatim '
' of the acetylated amines: A) N-acetylamphetamine (XTIIa) andNO-diacetyl-
p-hydroxyvarphetamine (XIITa); B) N-acetylnorephednne (XIva) and
N, O-diacetyl-p—hyd:mtyrprephedr (XVa). (PFPA = pentafllnropmpimic
. _mhyﬂride) , |

“A.

. /\  CH, cocn, I
R O CH,CH—N XIla R=H
YH . XIIla R = CH,00
Yoem|  mol| (-c.Fsco0H)
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o Dembu'n; = i
B coc: Fs ‘ ' 3

:  CHy cocH, o |
.R@@H-&H -N Xva R=H
. OH | H : XVa B'mgm
’ | CH; _COCH, ' |
‘R,CH-CH -N X R=H
. l ' XVb R = CHy(000

0COC,F, °;°c.="'~

"201' (" 25,"5600")
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TABLE 20. EI Mass Spectral Data of the PEntafluoropropicnyl Derivatives
of Acetylated Amines.

COMPOUND

m/z (% RELATIVE ABUNDANCE)

XIlb © -

XI1Ib

XIVb

XVb

323 (absent)[M*]; 190(17)[CH,CH=NHCOCF¢*];
119(36)[C,F*1;  118(83)[ Ph-CHeCHCH,t]; 117
(29)[Ph-c-cncu *1: 91(100)[C,H +]. 69(27)
[CF3™Ts 65(22)[C5H5’]; 43(35)[cu3c§o*].

381 (absent)[M*]; 190(22); 176(16)

[CH1C00-C g, ~CH=CHCH, *1; 135(18)[Ho-csnd-cnzcucH3f];
134(67) [HO-CcH, -CH=CHCH,1];  119(19); 107(100)
[uo- v-cu +]. 43(20). *

485 (absent)[M*]. 232(10)[CH CH*N(COCH3)C0C F *].
190(35); 119(36); 105(20); 77(19)[C6 5*]
69(36); 43(100) *

543 (absent)[M*]; 296(27)[H0-C u ~CH(OCOC,F 5 )CH=CH, 1];
190(75); 159(100)[Ho-csu4-cusococ Fe*ls N9(51);
77(12); 69(16); 43(26). * <

‘mIWWI@GMWﬂJ@MGWWRﬂmMTﬁM.
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no longer sensitive to "EC detection. ~ The derivatives of .

amphetamine (XIIb) arid Erhydroxyamphetamine (XIIIb) rapidly

lost the N-pentafluoropropionyl moiety by hydrolysis (Fig. o

42A; XIIa and XIIIa, respectively), whereas the derivatives
of norephedrine (XIVb) and p-hydroxynorephedrine (XVb) slowly
cyclized to EC ~ insensitive oxazoline products (Fig. 42B;
XIVe and XVc, respectively). The structure of the oxazoline
derivatives were deduced from their mass spectral behavior
(Table 21) Plausible ~mechanisms for the formation of the
oxazolines (XIVc, Xvc, XVf, XVh)\es proposed by Coutts et al.
(521) are illustrated in Figure 43.

The problem of ~insufficient‘ EC—GLC sensitivity ‘was
overcome for 'p—hydroxyamphetamine and pP~hydroxynorephedrine
by the preferential hydrolysis of the o-acetate moiety of
their N O—diacetates by means of ammonium hydroxide (Fig.
44). This treatment freed the phenolic OH group for reaction_
with the perfluoroacylating reagent, producing compounds
XIIId and XVd. As before, the N-pentafluoropropionyl moiety
rapidly hydrolyzed from the Erhydroxyamphetamine derivative
(XIIId) to  form XIIIf, and - the Ebhydroxynorephedrine
derivative (Xxva) cyclized to produce ‘the oxazoline, XVf,
However,:these products iremained sensitive to electron
capture detection due to " the presence = of 'the
g-pentafluoropropionyl group,'which'was_atable to hydrolysis
for at least two weeks when the derivative ﬁ;s refrigerated.

Furthermore, the resulting derivatives (XIXIF, "XVE). had
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TABLE 21. Diagnostic EI Fragment Ions and Fragmeﬁta’tim Pattern
of the Oxazoline Derivatives. : ’ .

|

A\ en It |
- 6 #q | —R-CgHCHO

H,C- J*
L h)
t ’ -
M CH, oz 69
R@czm €9 g,
m/z 105 | Wz 77
(Re=H)
COMPOUND R . | m/z (% RELATIVE ABUNDANCE)
xwve W 175(6)[Mt]; 105(8); 77(10); 69(100).
XVe  OCOCH, 233(6)[Mt];  190(4)[(H - cnzsc;o)t]; 119(14)
- [6Fg*1s 69(100).
AVE . 0C0CFs 337 (absent)[ME]; 190(4)[(M - COC,F,)*T;
119(14)[C,Fg*]:  69(100).
~ Xvh 0COCF 287- (absent)[Mt]; 69(100)".

1

ALSO. INCLUDES A MINOR CONTRIBUTION BY CF3+ .
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FIGURE 43. Plausible nechanlsms for the fo‘métion of the oxazoline

- structure. [As proposed by Coutts et al. (521)]
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a

satisfactory properties for both gas chromatography and mass
spectrometry. The structures of the pentafluorOpropionylated‘
products illustrated 4n Figure 44 were confirmed by EI-MS;
the major fragments' “are glven in Table 22. , Suggested
fraaﬁ%ntation‘égpathways . ‘for the p—hydroxyamphetamine
derivative (XIIIfl arevwgiveh in Figure '45. The general

Y

fragmehtation pattern 'qf 'oxazolines, including XVE, is

‘“r“%.ﬁ; Cwe L L
included in Table 2L . .-;_, : e

_Since neither amphetaﬁdne (XII) nor notébhedﬁdné“jX’

contain a phenolic group, the anﬁlytical procedure jush
described for the analysis of B-hydroxyamphetamine (XII11) and‘-
. pjhydroxynorephedrine (XV) was not app%i;able to the
guantitation ‘of XIT and XIV. Therefore, a separate
analytical’procedure was necessary for the latter two amines,

Following the ion exchange step in the extraction procedure
(Section 4.4.2.1.2), XII and XIV were direttly removed from :
the dilute hydrochloric acid solution referred to above which
contained the four amines (XII-XV) by basifying the solution
(pH > 9) and extracting it with ethyl acetate. The extracts,
containing XII and XIV, were ‘reacted with PFPA, giving
.Eepentafluoropropionyl derivatives (Fig;’4d) which were
EC-GLC sensitive. and did not hydrolyze in the presence of
waterll This procedure permitted effective recovery and
detection of both amphetamine (XII) and norephedrine (XIV)
without ihterference from either of the amphoteric

compounds (XliI, XV), or from  endogenous components. PFPA
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TAB@E 22. EI Mass Spectral Data of the O-Pentafluoropropionyl
Derivatives of the N-Acetyl Phenolic Anmines (XITIf, XVf), and of
Their Unstable Precursors (XIIIe, Xve).

)

COMPOUND | m/z (% RELATIVE ABUNDANCE)

XI1le 485 (absent)[M*]; 281(33)[CZFSCOO-C6H4—CH2CHCH3+];
,2_80(100)[CZFSCOO-C6H4-CH=CHCH3?]; 253(64)
[CZFSCOO-C6H4-CH2+]; _225('I_4)[(m/z 253 - C0)*];

']90(29)[CH3CH=NHCOC2F5-+]; 11'9(66)[C2F5"’]; 69’(23)

[CF3*]; 43(64)[cu3cso+].

XVe 647 (absent)[M*]; 232(10)[CH3CH=N(C0CH3)C0C2F5+];
190(41)[(m/z 232 ~ CH=C=0)*]; 140(14)[unknown];
119(43): 69(33); 43(100). *
1 . ~'%§
XITTf 339 (absent)[M¥]; 280(20); 253(7); 225(3);
119(27); 86(100)rCH3CH=NHCOCH3*J; 44(83)[CH3CH=NH2*];
43(20). *

YV f 337 (absent)[M*]; 190(4)[(M - COC,Fe)*]; 119(14);
69(100). * ST

1 FRAGMENTATION PROFILE SHOWN IN FIGURE 44.

2 FRAGMENTATION PROFILE SHOWN IN TABLE 21.

“ THE IDFNTTTIES OF IONS NOT LARET.LED ARE GIVEN EILSEWHERE IN THE TABLE.
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FIGURE 45. EI-MS fragmentation profile of N-acetyl,O-pentafluoro-

propionyl-p-hydroxyamphetamine (XIIIf). |
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reactions appeared quantitative.asAno underivatized products
were detetted. The resulting derivatives exhibitea excellent

chromatographic properties. Overall recoveries for fhg\comr
N

pounds, using the methods*désbribed above, were as follows:
XIT (87.7 + 0.6%), XIII (65.0 + 2.7%), XIV (80.3 + 1.2%) and
XV (52.7 + 2.5%), where values represent mean * S.D. (n=3).
Diagnostic EI-fragmentation ions of the»pentafluoropr04
pionylated'amines (XI1q, XIQg) are given in TaSle 23. The
PFP-derivatives of E—hydroxyamphetamines (XIIIg) - and
p-hydroxynorephedrine (XVg) are also provided for compari-
son. The amine PFP~ derivatives qave ion fragmentation
patterns oﬁly slightly more complex than the pavrent com—
poundé.‘and’spectral interpretation remained relatively un-
complicated. Mass spectral profiles of all four compounds
(XTTg-XVg) were very similar, and vharacterized by the
presence of CH3CH = NHCOCst* (w/7 190), Pzrs*' (m/z 119) and

CF * {m/z. 69) "ions. ‘¥n fact, an overall comparison show-

ed a difference of only bne or two fragments in their maaa

spectra (Fig. 47) N-pentafluoropropionyl amphetamine (XIIg)
differed from tl%c o“ﬁur spectra by the presence of a phenyl-

propenyl reaidue (m/z 118) and a tropylium ion (m/z 91).

'\

Derivatives of 2~hxﬁtoxyamphetamine (XI11qg) and norephedrine

(XIvg), on the other hand, bvad identical mass spectral

‘-

displays, although there Towanm some © variation in

kil



oftheBiogenipAnunesXIi-xv.‘
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'TABLE 23.  EI Mass Spectral Data of t.he Pamtiflmropmpxmyl Der:.vatives . ;

conpouno L C oz (x REL’AT_IV_E ABL"JNQANCE);‘,

-

- xxlg."‘j_\‘.f.f7é81 (abéént)[M*], 190(80)[CH CH=NHCOC . +],

L :~“*rynN%ncrﬂ.lwumnPwmﬁmuﬂ,lnum

. '-[Ph-c=cucn3+]., 9 (76)[c7n7+] 69(23){CF +] )

x:flgfffj ") (abséht)[M*J, zeo(49)[c F, COO-C6H4-CH=CHCH 3
B ;"1(f253(10)[c F, coo C, H4 ~CH +], 190(100) 119(58),

“i'lOS(lO)[Ph-C.O"’], 77(13)[(:6 5*]. 69(23)

| - XIvg :443 (absent)[n'f‘]‘, 280(49); 253(3); ’190(1‘00);5"
S 119(79). 105(27),. 77(.1,2,.) : 5..9:(_1,0)., e

xvg . -;-fsos (absent)[Mﬂ, 190(100), 1-’1.'9?(48)»;‘ 105(7);
s 69“6) L SO

LT 1 wass SPEC'I‘RA OF coupomms XIIg, XIIIg, xIVg, AND. xv:;
©U 0 GIVEN IN .FIGURE 47 B .

S .
_)



L FIGURE 47, Gaxpansm of the EI més‘spect.fé’ of the’pentaflmroproplcnyl
derivatives of amphetamine (X11g), p-hydroxyamphetamine (XIIIg), nor- -
ephedrine (XIVg), and p-hyvdroxynorephedrine. (Xvg). - e
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the:relative abundances of the fragments. - As a result
identification 6% these two compounds had to . be supported by

' GLC retention times. o - \

5.2,2—1 3 Trifluoroacetylation
| The use of ‘trifluoroacetic anhydride (TfAA) as ther
perfluoroacylating reagent was also investigated during ther;;
course of the present study. TFA-analogs of the four penta-,’
fluoropropionyl derivatives (XIIg, XIIIf,_ X1vVg, XVE) " were
prepared in the same manner as that used to obtain the PFP-‘
derivatives, - and similar products with structures XIIi,
XIIIh, XIVi, and XVh were obtained and their structures
confirmed by electron-impact mass spectrometry. Diagnostic
© and abundant 4ions;‘are shown in Tabie 24. Fragméntation.
patterns paralleled those of the PFP:anaiogs.:y N
Trifluoroacetyl derivatives possessed .good chromato-
graphic properties and proved useful for the quantitative'
analysis of these biogenic amines', but offered no notable
advantages _over‘ the use of PFP-derivatives.-‘ The TFA-
‘compounds, hoWever, appeared nmrginally less stable. Qheﬁ
possible disadvantage to utilizing the trifluoroacetyl
derivatives was.cited by-Amggard‘gnd Hankey (522). When
amphetamine was used as antest’substrate, these authors found
that'the derivative produced with PfPA gave an EC response n
‘some forty times strdnger than thst obtained with the TFA-&

amine. Several other\studies have similarily demonstrated a
: |
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| TABLE 24. EI Mass Spectral Data of the ’I‘rlfluoroaoetyl Derivatives of

the 'Biogenic Amines XII =

COMPOUND - m/z (% RELATIVE ABUNDAN'CE)

XITE 231 (absent)[M']; 140(100)[cu CH= NHCOCF +], .
118(85)[ Ph-CH=CHCH *]. 117(24)[(m/z 118 - H)*],
_91(65)tc7H7+], 69(29)[CF3+] ’

XIIIh 289 (absent)[M*]; 230(39)[cr3c00ac6H4-cu=cncu3t];
| 203(12)[CF4C00-CcH,-CH,* 13 175(8)[(m/z 203 - CO)*];
86(100)[CH CH= NHCOCH +] 44(89) [CH,CH=NH,*];
43(18)[CH, c 0*]. |

XIvi 343 (absent)[M1]; 230(19)[Ph-C(0C0CF3)=CHCH3T];
' ' 203(18)[Ph-CH DCOCF +], 182(64)
[CH, CH=N(COCH, )COCF +] 175(8)[(m/z 203 = COY*T;
140(87_)', 105(42)[Ph €=0 I; . 77(30)[C6H *1s
69(78); 43(100) T

1 ' :
XVh - 287 (absent)El_V,l'!’] 69(100)

s

1
FRAGMENTATION PROFILE SHOWN IN TABLE 2. °

* THE IDENTITIES OF IONS NOT LABELLED ARE GIVEN ELSEWHERE IN THE TABLE
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better ECD response with pentafluoropropionylated compounds
to the corresponding TFA derivatives (525 528). A difference
in detection response between derivatizing reagents, however,
.was not noted in the current study. - Minimum_EC- detection

levels, based on a signql to’3noise.1ratio»'of 2:1, were

comperable”regardless of'whether PFPA or TFAA was used.

5.2.2.2 Analysis by GLC ‘
5.2.2.2.1 “Clean-up” grocedure for Biological Samples
‘The prevention, of most ~contaninants being carried.
through the assa& procedure‘and interfering with-the analysis
by EC-GLC was made possible by means of an initial extraction
- of the amines into an organic phase, this extraction_ was
accomplished with the ion—pair transfer ' reagent,
'di(2-ethylhexyl)phosphoric ‘acid (DEHPA), in chloroform (529).
_ DEHPA, a cstionic exchanger, complexes only with compounds
containino an aminovfunctional group and removes them from
the'aquequs‘phase (530). Once tne metabolites (XII-XV) were
extracted into’ the. DEHPA. solution, attempts were msde. to
perfluoroacylate the .amines .directly by evaporsting' the
chloroform‘éo drynesslsnd reaéting‘the resulting residue with‘
PFPA. GLC‘examination of the reaction, however, showedithat
substantial interference was caused by the presence of the

DEHPA and various impurities extracted .into theerrganic

solvent. Consequently, it 'was ‘found beneficial to back .
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extract the amines into 0.5 N HCl, as .the 1ipid. soluble
contaminants and DEHPA remained in the organic"phase.

Transéfer of the amines into the acid solution was

quantitative. : , ' _ ' _ K

The ion-pair transfer procedure just described was

found to be an excellent method ~ for proOidingb "cleaner"

agueous samples  for \subsequent analysis_ of the amino -

compounds (XII-XV), by either Method A or B, as outlined in
- Section 4.4.2.1. 2 Figure 48A‘:hows a typical chromatogram
initially obtained by processing a tissue sample prior to
"inclusion of this 1liquid ion—exchange step. Detection
efficiency for the amines ‘was normally lost below levels of

3 ug/g tissue.i In comparison, the chromatogram illustrated

vin Figure48B resulted from an identical sample obtained with

the ion-exchange step. - These EC-GLC traces convinCingly

demonstrated ‘how utilization of DEHPA 81gn1ficant1y improved
the chromatographic quality of the, assay. By reduc1ng
background interference, higher detection senstivities could

"

be used during GLC analysis.

\ e .
5.2.2.2.2. GLC Column !.'fficiency 4 |

The use of capillary-GLC; aidﬁe.ifrom problems. with

I

initial chromatographic effortsf utiliiing packed columnsf

these problems included - inadequate separation of the'

derivatives (XIIi,-XIIh,AXIVi..XVh: internal standard), and

tailing‘of.the°peaks, particularly at sub-microgram levels.
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In comparison, the switch to-a capillary column resulted in
sharp detection peaks with .little or. no .tailing, and
excellent resolution of the cOmpounds'_(Fig.48B;l . The
‘superiority. of the capillary column system- was. further >
demonstrated by a minimal detection limit of 10 ng/sample..
Calibration curves of the derivatized form of ali;four
amines (XIli, XIIh, XIVi, XVh) were- constructed using.
capillary EC-GLC and varying quantities of each amine and
2—-chlorophenylethylamine as -the- internal standard. All

plots were linear over a 10-10 000 ngvrange{

5;2.2,3 Mass Spectral Analysis
' 5.2.2.3.1 Total Ion Current (TIC) spea&ouetty

A compound eluted from a GLC column cannot'be unequiv—
ocally identified by comparing its retention time with that
of an authentic sample ghromatographed under identical condi-'
.tions. In order to céffirm\that the chromatographic peaks
produced from metabolism samples were in fact representativef
‘ of the compounds being assayed, mass spectral analyses og the.
‘deriyatized extracts were carried out, Hod:yer, due tp the
.extremely loﬁ 'concentrations of the metabolites and the
presence of perfluoroacylated endogenoua amines which gave
fragmentation profiles similar to those of the . metabolites,
the actyal presence of metabolttes could ‘not be cbnfirmed
based solelyion mass.spectral data obtained‘from'conventional

total ion current (TIC)  spectrometry. Further-



more, Ain,so‘me instances, particularly with in vitro samples,
the _pr'esence of . relatively ‘high concentrations o_f © an
administered substrate was found to. interfere ‘with 'the
detection of trace levels of its metabolites. »Whereas the
.-assay procedure (Method B) was developed for EC aQalysis to
‘avoidA this 4_.'1a_t'ter problem - by ailowi-ng amphetamine and
norephedrine to degrade into non-interfering,- FC insensitive
' compounas (XIIa and XIVe, respectively, Fig 42), TIC ﬁetection
produced a response for any material entering the ion source.
Illustrated in Figure 49A is a typical EI-TIC chromatogram of
a processed (Method B) brain extract containing both_
P— hydroxyamphetamine (XIIIf) and R-hydroxynorephedrine (Xve).
as metabolites of amphetamine (XII) 'As demonstrated, the )
TIC detector was essentially use ‘less as a selective detector.'
‘It is noteworthy that there was no discernibie signal for
either XIIIf (RT = 4.2 min. ) or Xvf (RT = 3.} min.), although
amphetamine (XIIa, RT = 3.9 min.) _was clearly present.
Subsequent attempts to isolate recognizable mass spectra ‘of

XIIf or XVf from the TIC trace were unsuccessful.

t
e.

5:2.2.3.2 Selected Ion Monitoring (SIM)
As an alternative to, TIC spectrometry as a means of
identification of metabolites, mass‘fragmentography (selected

ion monitoring, SIM) was employed, which provided a means of

isolating signals'of specific atomic mass units (m/z) from
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FIGURE 49.  Camputer reconstructed chromatograms of a processed brain
sample (Method B) obtained fram amphetamine treated rats. A) total ion
current. (TIC) trace using electron-impact MS (EI-MS). B) rmltlple
selected ion monitoring. (SIM) using EI-MS. () multiple selected ion
monitoring using chamcal—mm.zau.on bS; (CI—!«B)

. PEAK IDENTIFICATION C.
AMPHETAMINE (XIIa) € 3.9 min.
(p~HYDROXYAMPHETAMINE (XFIIf) @ 4.2 min.
NOREPHEDRINE (XIVe) @€ 2.5 min. :
p-HYDROXYNOREPHEDRINE (XVf) e 3 1 min,

/Lm_ }\J \____ ‘oa—~—-L—\ _ L~——

.LM '
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the total jion trace. In thie manner, the. ‘preele'nce of
fragments known tol be characteristic for certain compounds
'cdqld be identified,  thereby establishing a tentative
identification. Theﬁ greater number of die_gnostic ions which
could be confirmed, the greater the probebility of the

presence of the cbmpound_ being aseayed’.

5.2.2.3.2.1 Eledtron-lnpact 8IM. .
Initjal etudies utilizing EI-MS 1n the a.mgle mnmm.tnr
ing mode - revealed a number of msoluble probleme. Maee fréag-
mentography requires that the MS instrument be focueed on a
single intense ion, euch as the base peak. However, w.itn
perflqoroacxleted- derivatives the major Iabim’dent fregments-
were usually not ° characteristic of a ning‘i-e compound.
Illustrated in Fignre 49B  was an attempt to prove, "by
mltipie—SIM, the presence of p—-hydroxyamphetamine (XIIXIf)
and p—hydroxynorephedrine (XVE) in brein extracts of ampheta-
mine treated rate. The meee spectral data for XVf (Table 22)
indicated thet its base peak (m/z 63) was the only ion evail—
eble for scanning as its other diagnoetic fregmente (m/z 190,
119, 105) had inteneitiee too low to ’be applicable to SIM.
.Beceuee euitable ione for monitoring were not available, it
was ~1mposnible to dietingu:lqh a signal c.~.lxa1:ac,‘t;'e‘riet:i.ét for Xvf
from background noiee (F.ig.' 49B), especially at the trace
level of metebolitee encountered during these etudiea. With

p—hydroxyamphetemine (XIIXIf) the major fragments appropriate

\ -
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&

for SIM, m/z 86 (lOQ%) and m/z 44.(83%)i(Table 22), were also
abundant in' the mass spectrum of anphetamine (XIIa) (Table
19).' Multiple ion monitoring of the GLC eluate at m/z 44
and 86 showed that the expected' peak_ at 4;2 minutes
[the retention time of E—hydronyamphetamine (XITIE)] waS‘
obscured,by‘ the amphetﬁmine signal '(Fig. 49B). The only
| other fragment ion in the spectrum of XIIIf possibly suitable
for monitoring and not produced by XIIa, m/z 280 (20%),
proved too weak to give a discriminatingl signal. The
electron impact. induced fragmentation patterns of the
acetylated and/or perfluoroacylated derivatives of amines
XII-XV yielded inadequate mass spectral characteristics for
SIM. As a result, ' very -little information was' gained
utilizing this detection mode for tle analy51s of metabolic
J samples.
5.2.233.2;2; Chemical;Ionization SIM
h In comparison to the inadequate select1v1ty " and eﬁ;
su1ng poor - sensitivity obtained with EI-SIM, it was founad
that these problems could be’ overcome through the utilization
of chemical ionization - SIM @I—SIM) (F.ig. 49C) " As
illustrated, CI-induced fragments diagnostic for pfhydroxy-
amphetamine (XIIIf- m/z 340, 149, 165) and for p—hydroxynore-
phedrine (XVf; m/z 333, 165, 98) were resolved clearly, at
the~correct GLC .retention times,‘ strongly indicating the
'presence of'both phenolic compounds (XIII, XV) as metabolites

of- amphetamine (x11). Levels-ofvdetection with CI-8IM were

s
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at least comparable to those obtained with EC- detection.
Attempts to show that norephedrine (XIV) was a metabolite of
XII were made by monitorlng for the CI- 1nducaibase fragment
'(m/z 176) of XIVc, but were unsuccessful (Fig. 49C)
\further.indication of why the SIM procedure was

favored in CcI-Ms was the absence of’interference arlsing from
either background or,,high levels of substrate. As
demonstreted-in Figure 49cC, scanning the base peai of the
amphetamine derivative_‘XIIa (n/z 178 [MH*]), gave a
response which was sufficient to routinely Create a Qoltage'
overload of the detection"system. .This prompted actiuation
of a safeguard mecnanism. which, by forcing apdrop in:tne
electron multiplier ‘ voltage - (sensitivity), effectively
, blocked out further monitoring of the ion current at m/;\f78v-f
Yet even at this relatively ' high concentration. of
amphetamine, detection of its metabolites was hot obstructed

as wouId have been the case with ¥I-SIM. Multiple-selective
ion detection of the P-hydroxyamphetamine derivative (XIIIf)
was still possible . despite being | concealed under ~ the
amphetamine signal. The output for the eelected ions at
masses m/z 340, . 165 and 149 still vdemonstrated optimun
responser | |

An important adQentuge in utilizing CI-MS for SIM was -

that a clearly discernible spectrum 'for each compound wasLﬁ

obtained. In contrast, use of EI-MS produced spectra which

displayed similar, sometimes Lndistinqulshable fragmentatlon
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profiles for more than one amine derivative. As a result,
‘chemical 1onizat10n was able to prov1de for at. least one
very diagnostic fragment of intense relative abundance for
SIM. CI ~induceqd fragmentation ‘profiles of the possible amine
‘derivatives resulting from assay procedures A (XIIa, XIIIf,
XIVe, XVE) and B (XIIg—XVg) are given in Table 25. Most
compounds, except for the directly pentafluoropropionylated

derivatives of norephedrine (XIVg) and thydroiynorephedrine

(XVg), gave quasimo lar‘ions (MH*) as their base peak.

The major fragment of the two PFP-alcoholamines (XIVgr Xvg)"

was the MH*-164 [(M-HOCOC2F5)+J ion (Fig. 50 ). This

formation of a styrene—type ion qas analogous to the apparent

1oss of H70 displayed ‘by the - N O-diacetate derivatjive Of'

E—hydroxynorephedrine (Xva; Fig. 41). "

5.2.3 Rat Brain Metabolism of Amphgtamineaand Norephedrine

{
In Vivo and In Vitro

The levels of substrates and metabolites. found in whole
. brain tissue after ip. injection of rats with equimolar

quantitiesfvof each amine are :given in Table 26.  The

cohcentratidn of amﬁhetamine ‘(XII);"thydroxyamphetamine.

“(XI11), and’ thydroxYnorephedrine (XV) present foilowing

administration of amphetamine _are comparable tO‘fbaluesf

obtained in other studies (151, 156, 160, 178, 181). Rat

'bqun levels of - XIV' and XV after " ip. injeétion.”of

Lnorephedrine {111), of g-hydroxynorephedrine (XV) after its
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- FIGURE 50. Fomtim of the chemcal imizat:.m mduéed base fragment S
- of the pmtaflmmpmpzmyl derivatives of norephedrme (XIVg) and , < R
. p-hydroxynorephedrine (XVg), as produced by the loss of- pentaflmro— L
prop:.mic acid Erom the qpasmblecular icn (Mi'l') o S
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. XVg “R j-=1C2F5CXI) ( MH m/z 606 B

o . CH, H. -
;ng-l (:—M—cac,rs L

. s - ) . . -. -
. o T

x1v§ . (m/z 280)
XVg - (m/z 442 )



245

- _ nmaumamn ION - azun
_J (+dz)y Gﬁmzoﬁmmgaza Em«m FAL) - mx\Hos: 0 vL .zo?éazmuzoo ALILISANS z
o~ | E mHmmEzmmﬁ. NI zmﬁw mazmzuzmmxm Jo zumzoz

L4

hmmc.ﬂ vvmv.o o _.llJ. ) ) . _— e

.o

(D) e SRR
OPGO. « wwmﬁ o S .80y ¥ h.ﬂ..—d ,a,., — | S o ggg

€p Lo e @ J
om0 zosteo “gELo” osero .

_,Fum.c - o 7 e R o _ _
COMOTF IO AN K0T F 9SSLT0 0S°F $S0°L - ANIWIEMGW

va:.....:...m g

Hﬁ@ggm& S
e — @ 3LwiLsans

las T gﬁ&m%ﬁac% R
| E:omﬁuz o

| [ eurapeuda _ .Euc
ﬂaﬁﬁ@ﬁaaugm& mﬁﬂonﬁﬁ peget ") meﬁuﬁ (ATX) R
sutIpeydazon :mc udwy 3o mﬁsmq 5&& \39! ™ 92 Smﬁ I




\ ) . . . . .v /v‘ | . '245

ié. injection, and of XIII and Xv efter ip. administretion of.‘
E—hydroxyamphetamine (XIII) ‘have . epparently not- been_ '
- determined previously. . - 0 '
| - Brain levele' | of g—hydroxyamphete.mine | (XIII)
(7556 nno]/g), resulting from the administration of emphete-ﬁ
. mine (XII) were significantly h:lgher (p <0 025, . student ' [ |
t-teet) than those obteined (.4960 nmal/g) when x I iteelf wae '
injected.' Thue, even 1f all the adminietered emphetamine
(X11)- hed been L__-hydroxyleted in the 1iver (and thie had
not occurred ~ see Table 26), it would not account for thev
1evels of g-hydroxyemphetemine (XI.i‘I) detected. . 'l'heqe
reeulte indicated that although E—hydroxyemphetamine (XIII)
was capable of permeeting 1nto the brein to a limited extent,
at leaat a portion of the XIII detected was due to the para-
hydroxyletion of amphetemine occurring in -ret cereb.re‘]-.'.
'ti'eeue. S‘imj,ler results ' were 'obeerved- when-"':nolr_:e;':hedi-ine';
\(XI\‘I,) was the  -substrate. . . Although '.4344:‘.@51/@. .":of_.
’E-hydroxynorepvhe‘d'r‘ine (xv) wee measured in‘brein tieeue after
the ~_2. injection of XV, this didq not fully eccount for its
| significently h:lgher (p < 0. 01) brain levels (.7886 nmol/q)
‘.efter injection of: norephedtine (XIV) - - e _
| The v.tew that g__-hydrbxylation can occur . in brain e |
tissue agreed with certein other oblervetione. Coeta end ¥
”'_Groppetti (157) reported that pretreetment of rate with/
"v.d\f- methyltyroeine eignificently decreesed the amount of

p-‘hydroxyemphetemine (XIII) fognd in the. brain foll.owing

1

J

’ { - - RN . . '
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0 -
. adminietration of amphetamine (XII), even though neither the
amount of amphetamine reaching the brain. nor the amount of
g-hydroxyamphetamine produced by the liver changed. Kuhn et
.gg._'_.. (161) could ‘not detect p—hydroxyamphetamine (XIII) in,
: brain after ip.-‘ injection of . amphetamine . (X11), but found
‘eubetantial levele following adminietration of XII intra-
"ciaternally (ic.). But wherea- Kuhn et al. felt .this was

sufficient evidence to show p -hydroxylation did occur in ‘

. the brain. Freeman and Sulaer (152) concluded from eimilar“

resulta obtained with . ic. injectione that‘ amphetamine had
been traneported from the CsF to ‘the liver and metabolized to
XIII which in turn was taken up’ by the brain. . |

| | Attempta to ahow that norephedrine (XIV) was an in vivo -
rat brain metabolite of amphetamine (XII) were unsucceeaful.‘

' ('rable 26). If any XIV wae 80 i,'ormed.‘M it wae in an amount’

below the detection limit of the aeaay. 'l'hie fail ,‘ to

detect XIV in rat br ag,rqped with previou repo.

(-148, l62, 170). ver, in contraet, Lewander (178)
' was able to ehow the presence - of extremely low levels o

xzv-“c (< 066 nmol/g tieeue) in rat brain following the

in adminiatration of ZOmg/kg carbon-labaled ' amphetamihe-
(XII-I c). ) Kuhn et al. (161) also - found appreciable |

'amounta of norephedrine (xxv) following the ic. injection of .
amphetamine (XII) But while rat brain tieeue wae ehown in
'the ‘current etudy to have no ability to’ beta—- hydroxylate

: 'amphetamine. p—hydroxyamphetamine (XI—H ) was active 1y

~ . .i
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converted to pfhydroxynorephedrine (XV) (Table 26). Assuming
XV was formed completely from XIII (no contributi?n via
p-hydroxylation of norephedrineL‘;approximately'39 % of XIIIb
which accumulated . in . brain : tissue ; following 'thet
administration of either amphetamine (XII) or p-hydroxy-
amphetamine (XIII) ‘underwent beta-hydroxylation. Due to_thé'
.extremely low B-hydroxylating activity' found ‘In rat ‘liver
(513, 53l) ‘and; because" -of ‘the amphoteric‘ nature 4of
thydroxynorephedrine (xv; making it difficult to cross the
bilood brain barrier, it was unlikely that any Xv produced by
hepatic enzymes contributed significantly to the level of - XV
:'measured in the brain. . |
= It is very possible that dopamine B-oxidase, the enzyme3

responsible for the conversion of dopamine to nOradrenaline'
and m~-tyramine to m—octopamine. is. also ﬁbsponsible for the'
in vivo B-hydroxylation of‘pfhydroxyamphetamine (XIII) fIhis
enzyme- hgs been shown to catalyze the in vitro a-h;drorylar
tion of various phenylethylamines (170, 176, 179 . 525, 532)

.An interesting finding of these studies was - that in vivop
«amphetamine ‘was not an active'”'substrate. whereas
‘ thydroxyamphetamine was: (170,,532) By having a hydroxyl 2
group in the pgggfposition, pfhydroxyamphetamine resembledfi
iother na)ural substrates (dopamine, tyramine) forii
B-hydroiz -
enzyme: (533).‘

lase, and presumably permitted better access to theic,ﬂ’
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')

In vitro studies uaing rat brain 10 OOOX_g homogenate’ e

e
supernatant confirmed that both pa ra- and beta-hydroxylating‘

enzymei are present in brain tiaeue (Table 27). Metabolilm ‘
of amphetamine (XII) (1 0 umol) produced trace amounta of I‘
g-hydroxyamphetamine (XX11) (.74 nmol) and g-—hydroxynorephedrine‘
(XV)( Zlnml) - . The . incubation of XIV (1. O umol) aimilarly'
producedxv (.53 nmol) by E-hYdroxylation. 'rhe B-hydroxylation'
- of XIII (1 Oumol) to XV (1.11 nnol) was also demonstrated. "
- In moet : etudiee involving extrahepatic xenobiotic a
me(taboliem, the activity demonetrated in brain hae been:‘
relatively 1ow., ‘I,t . appearl that the metaboliem f:tr
arhphetaminee ?ﬁII) iln‘ .brain tissue is’ aeaociated with y
epecific enzyme ‘'systems. which normally utilize endogenoueV
,.aminee. ‘rhe low extent to which biotranaformation occure,
| prbbably also’ reflecte the podr affinity of XII for thene
-yateme.‘ This wu well illuetrated in the cgrrent etudy in

which the enzyme(e) involved in in vivo beta-hydroxylation

preferred g—hydroxyamphetamine - as the substrate , aince'
| g-hydroxynorephedrine was produced in a- much qreeter yield
‘vthan norephedrine. 4in epite of ‘the much higher levele of
amphetamine available for conVer-ion in the brain ('l‘able 26).

» The pre-ence of ring hydrox}"lat’ing enzyme ayetema‘
~involved in catechol produotion from natural lubetratea haa
'recintly been /abliahed in brain tissue (534, 535). but -
whether theee ’enzyme ’ay-tem . a_re involved Ciac ';.the

E-hydroxylation/of amphetaminee remaine to bev determined.

.
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5.3 ISOLATED HEPATOCYTES .IN DRUG METABOLISM STUDIES

5 3. 1 Studies on Isolated Hepatocytes
5 3.1.1 Isolation of Adult Rat Liver Parenchymal Cells
- 5.3.1.1.1 Preparation aof Liver Cell suspensions

-of the several methods available, the most efficient
yield of intact, viable: hepatocytes "was obtained by. the
seguential treatment of rat.-liver ,reportcd ‘in Section
4.3.3ﬂ2{l. HepatiC'cells were derived from mature rats by‘a
A'modification‘ of the two-stepv'liver perfusion technique
reported by Seglen (256), who employed a washout vf endogen-
‘ous Ca++ with a Ca++-free buffer, followed .by
<Ca++ re-addition combined with enzyme treatment. In the.
modified procedure, Ca +_ removal _prior “to. enzyme treat- .
ment wastassisted by a.second perfusion of the liver in situ
'with an EDTA/EGTA- containing buffer. - This resulted in a
marked improvement'in the ease and extent(of iiver dispersion
compared to when Seglen 8 method was tested, and appeared to

v : ++
be a direct consequence. of the efficiency of " Ca

¥

removal} Seaveral studies have confirmed ‘that removal.‘of
’e‘ndogenous Ca++ is best achieved by the use : of che'latigg/
agents rather than by just a simple washout with ‘buffer (260,
326) The initial perfusion procedure with the Cd
‘free buffer ﬁBuffer A) was retained, however, in opder ‘o.
facilitate complete washout of blood from t.e - organ.
: Jeejeebhqy et al. (290, 319) ;ave'reported'thatthe'proper

’
<
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A

[}

elimination of-'ell blood is vital for e!good cell yield and

hY

needs to be performed carefully prior to any. er;iyme’ perfusion.

Attempts to disrupt the liver without prior removal of

~ &

++ » ,
ikPC&: resulted in x-the ' tieeue remeining eeeentially

:I.nta'ct, and few vieble celle were . recovered. Thoee cell'l'

which were obtained were u,euelly in clumpe and inevitably

4

demeged. This demonetreted that initiel remo‘yel of" endoge-.

noue ca™ was an unqueetionable requirement for. thorough

;
diepereion of liver tissue by enzymic treatment. The effee—

tiveness of colla;cnaee without th_e :e-eddition of CeH’
was notfteeted. ; | |

\ It hee been &nonetreted by othere that the presence of
certain cheleting agente _ inh:lbited ~ the ectivity ‘ of‘
CaH-dependent enzymes euch as collegeneee (260, 326

536). In the current procedure this neceeeiteted the removal

of any remaining EDTA and- EGTA'-fou_nd in the‘ liver after

perfusion with the chelating buffer (Buffer B).  Their

.elimination was accdmpl}ehed by a rapid washout of the liver

-

with Buffer A just prior to enzyme treatment. Failure to
. B . . ( . . R

include -tﬁie 2 ~additional pe‘rfu'eién ltep eignificently

to 1nh1b1tion of the. collegeneee.

decreased the yield of intact cells obtained, prewjy due

- . .

-
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- 5.3.1.2 ‘furification of Liver Parénchymal.Cells

' Examination by light microscope of . the initial, crude
- cell suspension (Plate 1), - revealed 'not only individual
.‘intact hepatocytes, but*also scattered cell clumps, various
non-parenchymal liver ' cells, fragments of connective tissue,

\

damaged cells and subcellular debris._ Purification’of the
preparation to remove these contaminants was achieved by a
combination of" filtration and- differential centrifugation.
.Microscopic examination of the final suspension (Plate 2)
showed it to contain spherical cells of an approximately
.uniform size,' indicating the majority of hepatocytes were .
diploid in nature. Based on cell size and phase-contrast
microscopy, however, a noticeable portion of the parenchymal
cells was also in the tetraploid state,' as well as the

occasional octaploid‘form (537-589). Some smaller cells were
n o o \ ~

also observed and were presumed to be of endothelial origin.

These non-parenchymal cells constituted only a small portion
.of the total cell yield and were not included in the cell
count. } ’ . | /

v .~ . :
. '

5.3.1.3 ‘Cell Yield o L X

At optimum conditions, ’the. number of hepatocytes
recovered from a 209 250 g rat was 280-340 % 106 cells, as .
determined by use of a’ hem0cytometer.( Based on the ability

of the cells to exclude tYypan blue dye, the viability index '
Y o rd



-

PLATE 1. Photamicrograph of the isolated adult rat liver cells, as

254

the initial crude cell suspension (35x magnification). Cells were
prepared by enzymic dispersion of the liver according to the perfusion
procedure described'_in.bflateri_als and Methods. (Bar = 100 um)

“

L.

e b el L
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PLATE 2. Fmal punf:.ed suspenswn of isolated adult rat liver

parenchymal cells. (hepatocytes) (35x magnification), obtained by
thelowspeedcmtrlfugatx.onofthemlmalcnﬂehverceu ‘

y ~suspaxswn (Bar = 100 um)

s 3
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"
.was‘consigtently 85490%}‘vThusgﬁthe viable cell yield ‘was
Jcalculated at approximately 270 x 106 cells per experiment.

Although it was impossible to weigh .the isolated’ cells,
“calculations based on liver weights of rats of similar body
weights gave a yield of about 65 x 106 cells/g liver (wet
tissue) Laishes and Williams (288) reported that the number
of parenohymal cells found in rat liver was approx:.mately.
140 x 106 cells/g tissue. Based ‘on this estimation; the
number of\isolated, intact hepatocytes recoyered, accountedﬁ

for about 46% of the totalgpossible cell number.'_

3 . o . .
'5.3.2 Primary Monolayer Cultures ' o

$.3.2.1 Culture aorphology . ' : BN
The»behavior of isolated hepatocytes -seeded{ ,oni
collagen-coated petri dishes appeared reproduciBle 'once a
routine procedure was developéd. The cells readily attached
to the substratum w1th1n 4-6- hours after plating and began
-t flatten out (Plate 3). By 23 houxs, cells had formed
contacts with each otherhi taking on polYgonal shapes and
developed into islands_of epithelial-type-sheets (Rlate fj;,
‘.The‘folldéing 24—96 hours showed prbgressive spreading of. the
cytoplasm into a thin monolayer, during which txpe the cells
started to become- less polygonal %and to lose their definitive~.

shape (Plate 5) ) After approximately 8- IOfdays, the primary
(

v

culture began to show ‘an easily observable morphological
deterioration. Cells. demonsmrating a slow, progressive

i
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: "PLATE 3 Adult rat hepa“tocytes 3~5 hours after 1solatlon and the1r
. _:eredlate seedmg upon’ collagen coated plates (35x magnification).
_ Attdched and flattened cells display ‘the. “Initial stages of monolayer

formation. Cells were cultured as descrlbed in matenals and Methods.
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- 4,:-popu1at10n of bmucleated cells.

T R -

'PLATE 4 Primary culture of adult: rat hepatocytes 24 hours post* |
inoculation. The epithelial-like oells which hawve securely anchored . to
the collagen substratum have ‘formed tight lateral contygts with each |

other and have aquired a polygonal Torphology. Note presence of: large_;-

A). 35x magmfmatlon (Bar
-'B) 350x nagniflcatlon (Bar 16 um) Rt e




I Pl'.ATE 5. Pr:.mary culture of adult rat hepatocytes plated on a thm R

- collagen: layer (TCL) ‘substratum. A): 48 hours post=inoculation (35x. g
.. -magnification; bar =100 um).: Note spreadmg of cells to establish a - ‘
. mondlayer ‘morphology.: -B) 120 ‘hours’ post—:moculatm (35x%- magm.fn.catlm,
‘.;jpl’ntographedmﬂernmeasedllght,_, lOOum) Cells cult\n'edon L
- thig type of- collagen substratum have '1c

Ibyth:.stme Cellsthatareoutofw_i’




y'z“ﬂIncreasing cell death ‘became apparent by the presence of&]j?f

A*Q_several instances where rapid growth of cells was observed\inré~"j

-~

*f~sefactﬁfai degeneration.ﬂi either disintegrated leav”

ghosts distributed throu out the substratum (Plate 6)

'fgbecamefrounded- and ‘eventually‘ detached from theuisupport. fik

*floating cellular debris.

“Hepatocytes under these conditionsf

'could hemaintained for approximately t"’° wee‘ks,_ ‘t whichf‘-f

‘vfi“@ OnlYfBPoradic islands of celi' in nmnolaYer iormationf“

vcould be observed.'w‘;f}j}fn;j.ﬁﬁgtgf~ﬁjfﬁyi;f;ﬁjfffgy"'

o ?_; In all the studies tcarried Outa‘_,oﬁ‘evidencef wasﬁﬁfa
.,‘tobtained to support the possibility that PrOIiferation- ofﬁﬁu,

“>mat re rat hepatocytes had occurred to any extent.,ﬂfqinfg;*

Lo \
‘F"’. . SA

. 3-5 day cultures}, the presence of fibroblasts was easily\°¥t“

fidentified by their;}stellate shape'. 7)-;J[fﬁﬁ'f'n:“

g[the improper :removal of the endothelial .

S

1ells from the

;vi»hepatocyte suspension.f

\

_5 3. 2 2 Cell Attachment and Survival ﬁ:'liff;ffrﬁi;;yuiggf
Studies were initially performed to compare the attach—; g

ment efficiency of primary hepatocytes plated on Aglass.ﬂf‘

™

tissue culture, plastic or collagen-coated petri dishes.??;f-
Because of¢the favorable results obtained when a thin £ilm. ofii
collagen was' used ash the attachmgpt support,; subsequentg/r;_
'ievaluations were carried out - on thev survival of cellsiﬂif

-»cultured on three variations_ of the collagen substratumrﬁff"”"









f.. ?

S was limited to 1 2 days. ,‘ ;-;:. g R

[ ;t, "

] "‘hepatocytes which did not initially adhere to the plastic (or

.‘:““_glass) st?batratum weré renloved by gentle washing at timee 2, ;

T [

“{{a_ i:’_' further examination of cell inatability,,
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CULTURE .
SURVIVAL

(da.vs) - ‘ N

ey mm
MEMERANE

AFTER 6 Houns 1NCUBAT10N TIME.

SEEDING DENSITY 2, x 1°s cells/plate.s.:.,‘
MEDIUM.CHANGED EVERX 48 Houns., oo

;]Cultures were maintained for é hr. and the plates rinsed with
’”fiincubation medium., The cells which attached to ‘the. glass and .
) ‘plastic plates were. removed with a 0. 1% collagenase/o 25% tryp31n C
Lo solution in PBS. - The recovered cells were counted; and v1ability
“determined by trypan blue exclusion. “In order to determine the
' attachment .effigiency on- collagen plates, viable cells were tested

' for LDH levels, and - compared to:.i) LDH levels obtained from cells

'\ on: plastic Plates: where cell quantities were known, and 11) per

cent leVeI‘UT LDH activ1ty of’ freshly isolated cella.

STIME:. e
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; v":.-weeks- ApparentlY'

5ffp1astic 0ccurs is

‘*(540 541) Mere attachment.of rounded cells to'the suppcr_

-evidence though. to suggest that laminin (a basement membrane;

_nfprotein) found in collagen,: mediat  - ””:ﬂ.ttadhment andfffﬁjT“

"fspreading of cella ng_gigggg and that.‘hepatocytes may bef“ffﬁﬁ{

 7j1attached to this protein in vivo (298. 308. 351)-




f. though ‘the

" hepatocytes

.
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- PLATE 8 Prn.mary culture of aduit rat hepatocytes plated on a collagen
. gel (CG) substratum, 96 hours post-inoculation. -A) 35x. magmf:.catlon,
" photographed with angled refracted light; bar =100 um.  B)'¥5x-.
magnification, photographed mder mcreased light; bar = 100 wm. .
. Compared to. hepatocytes cultured ‘on thix oollagen layer (Plate 5), these
-cells have retained theJ_r polygma‘l morphology and are arranged m :
smaller *elust‘ers.._ S
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in the cells maintaining the_ longest life-span of iall:f

'nf;substrata'tested~(Fig. 51) The cells retained a polygonal

or square shape which was more characteristic of cells in:

; vivo (Plate 9).’ Reid et al. (192) recently proposed that a

major reason for the lack of success in maintaining function-

' ial hepatocytes in vitro was due to the inability to reproduce

'fthe same socio-cellular environment (cell-cell relationship)
of intact liver tissue. It is possible that the FCM

fsatisfied this requirement by allowing parenchymal cells to

%pchor themselves to a solid support, while at thefsame time

/"~ v

'w’-permitted a certain amount ofv aggregation to oceur.;K;‘Theﬂl}

-fl-_'.

‘

'tiappears to: be for survival by attempting to - reconstruct into

a morphological', arrangement characteristic ofii their

d

". 1n vivo environment., This may be illustrated further by the

i:jtise ihﬂLDH activity observed at 3-4 days post-inoculation

w-

- with hepatocytes cultured on FCM (Fig. 51) 'It is plausible

"<fnmre efficiently from thef

| that because " of .the' improved ' cell-cell drelationship,‘

'1hepatocytes cultured on the floating membrane can recover

e

;-.'

robable trauma sustained ddring

l‘isolation than can cells plated on the other substrata.

| Another interesting observation made during the current

N

‘{ study was that hepatocytes which failed to adhere securely

the length of the culture (dye exclusion test) 1f attached%:gi

R

‘and flatten out upon a substratum still remained viable for'

'natural tendency of cells, ‘once dissociated from each other,':V?’

'{oﬁner oerls which had already established into & nwnolayer'”‘



PLATE 9/ Pl'ntcxm’.crograph of thin sl:.ces of Jntact tlssue obtamed
. from adult rat liver (35x. magmf:.catlon) - The natural mrphology

and anch:;tectxme of cells in- hepatlc tJ.ssue are shom . (Bax = 100 {m)-




'formation.jfj"This:'occurred despite the fact that theseffu_

‘_rhepatocytes retained a‘,round morphology (Plate 10) n_;ﬁ -

comparison it was noted that cells which displayed'the samefjfl'

' ;?fattachment behavior on the surrounding collagen support,_but _
;'{failed to initi&Ee spreading, rapidly died off This not onlyi:h
‘hemphasized the importance of proper cell-cell interactions to,.
.the survival of the cultures, .but questioned ffurther theg;l&hjs

i_validity of extenSive monolayer formation fOri;maintaining Tf

.J B

v”:attachment until other cells had stablized on a’ solid support

L0

fis unclear.;"It may be, however,'a result of more extenSive,:

~

- damage sustained during isolatton,"which reduced their“'

"responSiveness towards adheSion to other surfaces. : Thisivi.-i

E effect was Similar to that observed 1n studies utlille

f';icultures of transforméd cells as feeder cells for maintaihing”‘

hepatocytes (see Section 3 3. 3 3 l 2) Rat liver parenchymalﬁ

Irhcells plated on top of established monolayer cultures wereﬁ;?fﬁ'

Y

Il;f'With retention‘ of biochemical and morphological, features:"

Lol
e

S

i;a specially prepared "biomatrix' as' the attachment substra-_

-t PO

t

ijj7cells in Vitro. Why these hepatocytes, plated at the samehwj

“f'Qﬁtime .La those ; which N established monolayers, delayed,;fi

'f_ﬂ@shown to. increase in both attachment and surVival eff1c1ency,~5“7
ﬂﬂ,ﬁcharacteristic of cells in vivo, including their polygonal]ﬂa

ReCGNtly Reld, ROJklnd and coworkers (192, 354), us1ng o

' "‘._"-j,tum,.f_ were able to maintain functionally Viable adult rat/

'f’f"liver parenchymal cells for up 46, s months{-“-=¢his¢“'iu



R PLATE 10. ‘Pl'ntmucmgraph .of 1nd1v_1d"' ,adu,‘l,t rat A patocytes ;
‘-_"'at»tached to an” ‘established monolayer: cultuxe* also camposed ‘of 'adul :
L rdt liver parenchymal ¢ells™ (50x magnlflcatlon) . Darkér .cells =
. represent viable- hepatocytes. (as determined- by'?trYpan blue exclusz,on)
. -photographed out.of . the plane of magnification “-'Mlcropl'ntograph U
taken of a 45 day culture on'a collagen gel Substratum (Bar 75 um)




Malan-Shibley and Iype (304) noted‘

‘vrand flat when cultured on a solidt_rigid supﬁbrt,;fepatomap

:fcells grown on the same substratum were more lQoaely attachedﬁf"‘°“

‘xffand spneroidal in shape.r The morphology of these proliferellffff’

'}ating celle more closely approximated the three dimensional7_m

”'9_7ahape of liver cells ‘in’ vivo than did the flattened out formﬂ;fﬂﬁJ

’fof the cultured norma’z'lllﬁ

**arenchymal celdq,i A similar:f{ﬂﬁ'

”feobservation was made by" (368) WhOjlﬁef““

lfﬂ'from rat hepatocytea. They noted”that celle 5“’ the yohngi“J

It wae._ however,

.subcult res which produced cells which wfuld ,evolve uinto;w,

3dpolygonal'epithelial monolayers.~ This indica’ed that it was.f%f*

| only when a very viable and rapidly dividing cell line had~



5;% rat hepatocyte;

R S

”‘;cell survival, primary. cultures of non-prolaferating adult;f;;f>7{

H?w“re“ establishedff,n::collag__

several commeﬁcially available

"‘."":_"Choice of media was based n their

.,o

i'published studiea and 1ncluded L-15 nwdium (190,x197.
RN ST s R Vi(257'3 319'

. ;Modified.Es§Entia1 Meaium (DME )r(187,

fmedium (195, 299, 304, 319)'
”}g";zsz, 280, 543,; 544w;'*”"”j;

.Ham s:?-lz medium (193,

]»;i previoushyiiszéjf
542).: e
347). Dulbecco siifJ
279.-282), Ham s r-lof?f*f?
. 222'€,m_-,

‘“df




:supplemented with 15%, FBS, insulin,u

"”aactivity.

of medium was

All cultures wereitgﬁrmi

f_-:" LDH and/or 'rn'r?"_'f_‘-'-*.f-,..

"-studies demonstrated that the appropriate choice*j' '

mcritical requirement for mammalian cellrf;d

f?f_ssurvival in cultureQ. A‘though all media tested ‘were essenti-j?ﬁn“

j‘.

:;ﬂpally‘capable fofvisupporting :anchorage of freshly isolated'jlf'i

f{ﬁ;hepatocytes to the collagen substratum,'media L 15 MEM and_ﬂ, B

A"*»”M-SA failed to promote monolayer formation tO anY extent-f

r”7v°f'the remalnlng media in which monolayer cultures did esta-,"c

| blishfthemselves, F 12-and DMEM provided the best env&ronmentif“ |

‘ftf,for maintaing viable _hepatocytes. , Cells‘ cultured in tne‘}

1

'#:fF 12/DMEM mixture showed a nmrglnally 1onger survxval time_ﬁ'w.

:;f'gperiod than those in either F-12 or DMEM separately. : Thls:

zresponse may be due to a type”oﬁfadditive effect in which~>*1:

“;hDMEM supplies ﬁhe higher concentration_of various essentialfﬁ

~S

léurther studies invoﬁggng isolated hepatocytes,va mixture of”

12 was utilized as the basal medium.m

?3;components (292 546)' whereas <£ 12 ;provides‘ additionalﬂf' S

j;gnutritional requirements (547) ;v Subsequently,,'i ‘fa;;a;,g,



'"2932;5452'5493ﬁ *The advantage in drug metabolism studies is{!;f?i

that all components of the‘ culture. are essentiAlly known,f;;;ﬁ .
th“s Pr°V1din9 a more chemically defined cellular model for-f:

W hepatic metabolism. Unfortunat'ly,‘

no su cesses have been,”l

reported in maintaining parenchymfl cells obtained‘-from

‘2

absence of serum,t although_

normal adult rat liver in 't:;

Yf'jseveral investigators have reported that cells derived fromff:x

partially hepatectomized rat liver could survive up to sixfg

days in a serum—free environment (197 332, 333) Since thevl'ﬂh
addition of serum appe".ed essential for prolonged cellularff-ﬁ_f”

viability. it was fiportant"to Iestablish he optimum.;’
vﬂ'-concentration of FBS r'quired for maintaining hepatocytes in R

primary culture.f,

L Attachment eff1c1encies Aof isolated ‘hepatocytes were-’:~

‘ ”determined 1n the —presence of increasxng levels of - fetal;l

'% bovine serum (0 25%) (Fig., 52) Cells were suspended 1n])ﬁ‘

F-lZ/DMEM medium supplemented‘with insulin, albumin and FBS,*if:\,f

@

ﬂg?- and plated on collagen gel petrl dishes., PGICent attachmentg“i“
.-of cells was based on LDH activity compared to the freshlyef;;7
isolated cells,sfii"e.Eiﬁ::;jdg‘gnjﬁ;‘? ?fﬂj efu_-;wgvfnficfkjfi.fb
_ Jf- After 6 hours incubation time, the highest percentagei‘ﬁ
°f attached hepatocytes (45t) was obtained with a FBS concen-?fieii‘
tration of 15%. Increasing the serum level above 15% did notlf
further increase_Aattachment efficiency.j;' Decreasing the-;;l

amount of serum added to the meﬁium resulted in a correspond-,/

aboutf‘

ing decline in the number of cells attached. with‘Onlyf

,v\‘hﬂmﬁak A
e T ;ﬁsfv“"”j/
- . : ;.x:.x.. P e L [ S




R RN S e N D o T ey N

L i &uumummom muo& .uo "o Ewnm nsdmuno uo.nu.& mE.ﬂ uwm m,uﬁaw.u.swmmn v um.mw.m ‘Je. Jo

‘v..,.‘..r..._s,.aymmgqﬁmm A N
B B R SR SRR L' I

B (11 1) KR LR

muguumkw

,,_ , R S .963«._"@ vumﬁumum uﬂm mﬁmﬁ a Juesaxdax sauTod, oYL - [STT=0 @TqetA Ut paansesu . .

hug.muuu (BaT)

3§§§mﬁmo§§mmm§uf

SUTTHSUT pue’. ﬂ..mﬂ: Z1-3/Wana 3o, soussaxd. a3 uT. urjerysqns -Jab. uaberfod uwo -

SR amﬂuﬁu FokeTouon  ATeirtad) -permno sekoogedey eI ITNDR JO' SR H@ﬁg pue
R e 2 gﬂuum ucﬂnﬂﬁum mnu o co.ﬂmﬁﬁago RS mo uoomuo mﬁ.

Nm wz:m:.._ ¥



” _‘-;(308, 550).;;"'
‘7ffevidence to

u7fattachment.ﬂ

»l

survival times of the cells. After four days in culturef

cold‘insolublev globulin

.-

3show the presence yof

fthough they did agree it hwas necessary

extended Surviva;{ihﬁ}

hours post-inoculation (Flg;.“ﬁ”"

trations (5%, 10%) only very

no act1v1ty was detected5in;
of the low amounts of serum

hegatocytes whicn were ableﬁ

incapable of .establishing ‘a monolayerj morphology.

compariso

FBS. monolayers were_ beginning to form:'within 24 hoursf”h

activities.j Although cultures_oontaining 20 and 25 percent

FBS had enzyme 1eve1s margina_}y below that recorded with 15%

"“serum. subsequent measurements demonstrated nofdifference in*“* S




Purthermore,




(nstilin could not. be

D

ificant 1







Qaddition of insulin :;tof hepatocyte 7 suspension ' cultures'~'¥”'

":(Fig. 54)._ The rate 'bf decline in the number. of cells

6

'j-capable of excluding trypan blue, as well as the decreases in;'

- LDH. and TAT activities paralieled those observed with the o

'* (.

5.f control cultunes (absence of insulin) It was apparent that'

‘hany possible~ effects resultihg from 'the action of insulin

1:were toq slcw in\_nmterializing Qt decrease tﬁey_rapid‘

B

5 3 3 3 2 Dexamethasone

T A.v.. . R .'3‘\.

s v

'.f;essential requirement, which results in a more faVorable:-—

“fﬂenvironment ‘for maintaining non-proliferating cultures (335,"

'1{'542) ' In thf present study, hqwever, the inclusion of dexa-‘f’i

d
o properties of hepatocytes initiated as primary monolayer

'fCultures (Fig{ 55) o Neither .an increase fn ‘the attachment

' ”7?rate was noted when compared to a control,culture (absence of

dexamethasone) Stillb this observation may be a reflection

of,theichoice of~;he'parameter‘measuredu(bpﬁ~actiyity1vrather‘

. . .- X ' AR . I S R CT IR T

*y U n . . R . - wh < - " E
y . . . . : . . .
C
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In contrast to the greater stability displayed by mOno-._-

- ﬁ .
‘-‘layer cultures in the presence of insulin (Fig.. 53), theg,:-

‘ '7;resulted in :?llapparent: improvement.finn cell viabilityf-;

?Frﬂdeterioration -of Jhepatocytes. which typically occurs 5fn ‘

: suspension._ e .; FTE ﬂ,'f". _ﬂ.u_.'

-;;Y ‘" several investigators have reported that the addition

Aof corticosteroids to'xa culture medium provides somef”

,methasone re'ulted vin nO',measurable improvement in the-

of the cells, nor an extension of the'survival"

C e
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- activity in suspension cuiture.i‘ Althbugh corticosteriods can : ';

of this are LDH AIevels of susp‘endedQF,Qlls which were ra"isea .

than due'to‘any compv € te lack of‘ respense. It was nOted g that :1‘.;‘..__'_'.';

the addition f de ‘amethasoned- .t_-vo short-term suspension

cultures did induce certain chan? in the cells,- although

LDH activity was not One of them (Fig. 54B)._ Based on dye

uptake. the‘-lpresence of dexamethasone consistently appeared

to improve'structural stability, as the rate at which cell

integrity was lost was marginally slwed (Fig.‘ 54A) - Laishes
v

and Williams (335) considered dexamethasone'ls action on cen

A

:', surface membranes as '7.."fthe most _ likely basis - for itg

o enhance}nent of sqrvival. Similarily. Freidman and Epstein

(238) stated t‘hat glucocorticoids prevented enzyme loss by

improving structu ral integrityu ' ;promoting

: _ei'fect was i

Taar e d s

synthesis of various _" enzymes.

1

demonstrated both in the present study (Fig 5431 and.m" ot‘.herl
(190. 198, 232,< 343, 346, 551) by the induction of TAT "

s directl_y influence certain linzer enzymes such ss 'I:A'I: (1.98,“.,'”,,,-

< - mLs
cw v-;.‘

1 mmtmth'e

"’.‘«-'

n.«h—

‘ only margihally in the presence of dexamethasone.~ Hovever,

- as this observed increase paralleled the improv‘ement alio*f";' s

‘--.- O A

o 3seen in the dye exclusion test upon addition of dexamethasone.if:“f' -

e ;‘(Fig. 545). the higher 1evel of LDH may only reﬂect th!_:,_{':-“.

' »‘hormone 8 influence on cellular integrity and the. -prevention}-’;

" R o T .
o-\‘_‘ Jo-u- o“?“.u.a"l)">a."' (LA W

of snzyme ..-keakage,m x:ather: »thanw- eny getfgct on the eqzymeﬁ Q‘-_ "o

Lo - - P



5 3 3 3 3 COmbined Hormonal Addition
k /Despite the marginal successes in the enhancement oft;.f”‘

)

the eurvival. of hepatocytes in vitro upon the addition offﬁﬁ‘ﬁ”"

’q

either inaulin or dexamethaeone, it was discov'” Vithatgﬂﬁ.fafﬁ

7~significant improvements in cell viability did occpr' whennﬁdps
both these components were added simultaneouely to the[{ff’

culture medium (Fig. 56) Although this concurrent supple-

mentation did not increase attachment efficiency above thatv_m

ifﬁ‘attained witn: inSulin ?alone,. survival times

ff'.monOlayerv'ultures were substant*all

presence*of_both hormones, viable'cellc;weyehmaintained for@

” ‘ "'.The d“’“""ti ?“i“"“’“e 'in -»’m‘ v :,val‘ tim‘ qénet’ated by the?; R

-Flfsimultaneous Presence of insulin. and concluded that becauee"{“'
4 glqcocorticosteriods and insulin have opposing effects as far';,?
ae liver functions are concerned (i e._dexametnasone stimu—f“5”h

lates gluconeogenesis and glycogen storage, while inSUIinlgi{T“‘ﬂ

” *bfomotem_glycolysfs)°”1nhulin has an antagonistic‘ltz o

on the ability Of dexamethasone to increa_e cell longevity-;;1fof
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?i f;LDH activity occurred.u The results obtained in the experi*{ffﬁif

ament just deacribed suggeated that the function °f'deXAmetha__;gf“”“

! '1




CSNSULIN@ G hr. o Ll

| INSULIN @0 hr.
'DEXAMETHASONE: @ .0 h

i
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'ilpcells occurred (Figures 54A and 54C) ' LDH activity, however,-tl”

77fappro;imately 150% that of basal

1

ff;was only marginally 1ncreased (Flg- 543) In tﬂe presence‘?fijA

viabotn hormones,,TAT activity after 4 hours was increased to;u;

coIn direct comparison.l after‘vthe same time period, cell?y V

1?€LsuspenSions supplemented with only the dexamethasone achievedif

,:vfintegrity of hepatocytes in suspension,: In Figure 54A, it*”d”

'_iof the initial leve11

i#levels of 110%, whereas control values had dropped to 60- 70%{,~*¥

~

””wdexamethasone was also superior in maintaining the cellularfu;;ﬂf?

£ ..evels (Fig. 54c'-'):j_»_g~";5:.

:ﬁ!fhéﬁ combination of insulin andﬁ_‘;'




_Lidexamethasone;

cu ltur ‘i -

’f}to 14-15 honrs.n It is inpossible'to explain, however, why

\

';1nsulin and dexametnasone hogetnervf 1ncreased ‘ cellular

surVival but separately had little _or no effect on cell

p'viability. Apparently neither hormone alone can be ‘a single

'controlling fa:torjifut together play a*co-'*

1~the regulation of cell functions.”jﬂf:
-fS 3. 4 'Fetal and Neonatal Rat Liver Celle o
5 3. 4 1 Iaolation of Cells .:@j‘fiwﬂ_ﬁﬁj:»':3'}ﬁﬁ;1f':.t SR

The procedure for the isolation of fetal and neonatal

fnrat hepatocytes was adapted from the methods of Kaighn (552)

%

d7fand ACOBt& et al. (282) : Livers were excised from immature :r;f-

-

».‘..:::rats (15 day 2 to 10 day neonatal) and aubjected to a

“:eeries of enzymewmediated dissociation ateps 93 outlined inikl_jiL




;{were incubated‘”ith reciprocating

it'37.c in 10 volumes of thef-dis, ¥

1 The combined supernatants froﬁﬁFai'J:h

"tnese incubations wera filtered to removeznndigested tiaaue.
"'Collection of the disperaed liver cells waa_ subaequentlyi}gff&f:

achieved by 1ow apeed centrifugation.

tiasue into single cells and although trypsin ha- been tha"

traditional choice, no obvious advantageﬂto using ona enzymoﬁffhﬁ B

Iu °°“tralt ana'for raanonliﬁﬁioﬂ

membrane (290. 304, 3,.2‘6.)_._

S v-u’-_. C




was o’ distinguish’




suspeénded i

dexamethasone . and







. . . . |
athe cell monolayer and eventually overgrew the epltheli/l

'cells c0mpletely (Plate 12).¢';f
' h Several studies have demonstrated that the contamina—lb
t1on problem could be ’avoided ‘ Acosta et al. (343) and
Leffert and Eaul (279) were. able to 1nhibit f1brob1ast
”ﬂovergro!fh by grow1ng the cultures in a . select1ve arginlne-”
11;def1c1ent medlum._ W1111am et al (321) and Takaoka et al

-

(284) hOWever, re11ed on dlfferentlal attachment/to a culture
isurface to separate the hepatocytes from the f1broblast llke
';cells.«.'.fi ﬁf i,;'l' ’3tﬁ -
. DU L

. In the present study attempts were made to separate the
htso cell populatlons in a manner s1m11ar to that descrlbed by
T51quaye et al (274) Cell" suspen51ons contalnlng ‘the’ two
cell types were seeded; onto plastlc ,petr1' dlshes 'ando
'1ncubated at 37° .é‘.for: 2 hours."d During thls. periodﬂ
flbroblast cells ‘attached more rapidly,. lea_y_ing~ a”tpugeru
suSpenslon of parenchymal cellsnrto be -reCovered.il_ This.
suspension was replatedrsequentially upon plastlc.untll_it
-appeared that only Qﬂthe ) parenchymal cells~_,remained;
Unfortunately, %@céuse' ther rat emhryOnlc' hepatocyteS ualsof
demonstrated ar‘willingnessv to ‘attach to tissuet culture
Eplastic, a 51gn1f1cant pqrtlon {up to 70%) of' the‘ viable
,liger parenchymal cell 'population was' lost during “this
purification procedure. :A i
- ,'Using the purif1ed suspenslon,‘primary.cuftures‘con-

‘ talning predominantly{hepatocytes ‘were set up on collagen gel

-’

298
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B
.

PLATE ]2 Primary culture of fetal rat 11ver cells show:.ng

overgrowth of the parenchymal

cell culture by flbroblastlc cells.

Mlcrophotograph taken of a 4—5 day culture. (Bar 500 um)




platess4 Many of tne cells aggregated into small clumps. but'
<3

this did not interfere With the general behavior 'of the‘f ;
W culturevu After several hours incubation, the »magority: of:;.f

'g#a hepatocytes wpad §;rm&y attached_ to -the substratum and v

ey W _w;»'& dn‘,“sl. '..410 )

L a@&ished'contact witn eacn otner (Plate 13)._‘ No fibro~,

blastoid cells were appafbnt.v_' Islands of these compact
nepatocytes,nquickly spread~‘ ut; into !crosely adnering,__
sneet like monolayers._ Establishment of monolayer morpnology‘;
and loss of 1nd1v1dua1 polygonal cell shape , occurred much
'earlier (within 1= 2 days) in cultures of immature parencnymal thf<;'
-cells than w1th adult nepatocytes (4 5 days) ' Immature cell
cultures maintained an epltnelial morphology for 10 .to 12
.days. Increasing ' number ofI fibroblastic ‘ cellg, - whicn
appeared after the first week in culture, began to dominate
1.at tnis t1me.u Cultures were typically fibroblast01d within.-
two weeks after plating.€ Absolute elimination of fibroblasts_g‘f'
/was never successful _using‘ o differential 't_ attacnment
tecnniques.- {n retrospectg however,,this snould not nave.
vbeen totally unexpected.'VIn orderffor Williams‘ec al. (321)
. to obtain a pure parencnymal culture. sequential passage ;of
, tne cell suspenSion onto plastic was neccé%ary until only
~abolit 2% of" ‘e? starting pool of icells was; left  for |
culturing.‘. Treatment of their crude cell suspension was
"considerably more profiCient in remov1ng the fibroblastic.

-cells than in the current study where 30—40% of tne cells

remained, however, their final 2% represented less tnan 104

o

A



CPLATE 13.
- 4 hours post-ingculation (35x magm.flcatlon)
cells from fetal- tissue have established into- monolayer formation

-after this short time, compared to’ 24—-48 hou.rs necessary for adult
lJ.ver parenchymal cells (Plate . 5) - o .

- Fetal rat- IJ.ver cells seeded on oollage.n coated plates,
Liver parenchymal

° Ad
Cama
»
N b
v
.-~
EA
w -
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fhepatocvtesftohwork with, .

B 5 3.4.2 2 ‘viability of Punctional Cultures'

In spite. of ithe moderate success'~in> extending the°f

e e O

e e

"?viable life-span of fetal hepatocyte cultures by delayingf}“

;-establfbhed (Fig. 58).-' Fetal rat liver parenchymal cells_uil“

;fg fetal hepatocytes and -was usually completely lost by 4 S days!

”"fattributed to the earlier appearance jof the fibroblastic”lfb .

““':tcells. f

Jthe growth pattern of fetal cells in culture. f‘LD

».fibroblastic overgrowth, there was essentially no- differencepi_r .

"V‘yin enzyme aCtiVitY (LDH) between jany :of:?the cultureslfff

'only weakly expressed hepatocyte-like functions in vitro,f }F“v

and, unlike adult hepatocytes where the status of culture7l>

could be accurately monitored by enzyme activities,lit was

ﬁ v

;fetal cultures.i'The slightly faster fall in the LDH levelg__p

‘seen with cultures from the non-purified hepatocytes as,tgf’”

- Why fetal rat liver epithelial

‘ ﬁmainta ning specific hepatic functions in 'Vitro is

,completely understoodd however, it appears to be a- problem;,

levels_.

' lls are incapable offg

'-questionable whether §imiliar studies faithfully ref ected T
”began showing a rapid decline just 12 hours after plating the".‘%

f.irf culture, despite the obviously prolific nature of. the'

"_gcompared to that of the purified cell 'suspension, Wasu“xlﬁ

vshared with that of adult hepatocytes.h_ The presence ,of;"

non-parenchymal cells, although troublesome for long-termﬁfth_:
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fﬁg may be the result of morphological alterations to the normal

fetal hepatocytes in response to the culture conditions.

;; This was evident in the current studygwhese the rapid-decline

' '_.4-‘5 T e

‘-.f-} *ae ,.’,‘,‘,'.

their charac_;rigtic poiygonaluvshape.d'“*These functional
lamitation’

4 Py

céll contacts, however,' and probably also reflect an ind

““'“°’adequacy 1n tﬂe nutr1t10nalg env1tonmen&» which wmay prevent:fi

(5..

P " AN

;xbjg cells in. vitro 281, 304,_ 374,

et L Ay
" '$

investigators have established long"term”cultures from fetal”&zﬂd'

or neonatal hepatocytes,

LI SRR b“«

'.:tal hepatocytes'in monolayen.fpnmagépn Iost

. m\n- e

;are probably more thaﬁ Just a result pf unstaﬁleds l

'ut~the,result1ng cultures possessed’ﬁ“*Fq

few of the deﬁinitive hepatic-like propertiesﬁ.of matureif”vf'

hepatocytes (221, 222, 227 223 321,} 361, 365, 368 374).;j =

There is’ increasing evidence ‘to indicat& that the precursorsri-t*"

of any proliferatinq endothelial cultures (adult

embryonic) are actually hepatic stem cells (323, 374,~380Y.w?j

These incompletely differentiated hepatic cells account forfﬂL‘:?

the few weak hepatoéytic-like functions expressed by these\1?¢'fi

1ong term cultures,vgh.t do not represent true liver.i;j 

parenchymal cells.-g



. 8L s ension culture, o

Snspension Cultures'”Q

» which Were 'not

S ‘“fh“bSerVed that under certain'

° e "'"&o

'conditions dissOciate& cell&.coul& be iﬁduded to aggreqate'-"xﬁz;

'into compact clumps,z which subsequently re-established fa';

tissue-like continuity., When examined under the microscope,;i"

o wa 0

Rty

the resultan‘

tissue, being comprised primarily ’8?;_ parenchymal éﬁé'

S
lW nr-

“v}connective cells (Plate 14) [iﬁ T Q?d;~.-f

O g

L The process of embryonic cells re-organizing in vitro.‘ S

-

75"{into multicellularjrsystems is a common, but still 1nadefﬁf

ijGUately understood observation h (268, ' 557 560) 't ‘Under.

:sfappropriate conditions, primdry cells gAVe rise to typicallyﬁiff
"fidifferentiated structures in accordance w1th the architecture,j

¢and character of the original tissue. The reasons for this;

ffphenomenon are many and complex, but basically represent the?

u-?"characteristic behavior of immature cells during morpho—?,:"”'

"-gene51s, differentiation, growth, or regeneration (268, 559,v

It has been suggested that this process is largely o

i;pfdependent on the presence of, and interactlon with, spec1f1c,{;r
‘cell-surface components which function 1n cell recognition}“f
rnfand cell affinitiés. This q.?bles cells 1' aggregateﬂ;

”'_mQ?PhOQeﬁetiCQlly_'and; associate selectively inEb 'tissue :i

R
e

L

‘were initiated in L

i}pseudOvtissue-.borem a resemblance to~{liver;5=v;¢fy
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BLASE 14

S in tJme of .péak - mtercel;ular adhesmeness- explanatlon J.n teXt

_ Sectldn of a 72 hour aggregate of fetal rat llver cells, KAV ER S
sl'bwmg formation:of ‘a pseudo-tJ,ssue th.ch Qccurs with. fetal cells - -:.-:+ =,
Sin suspension ‘Culture - (35% maghification). Cells” were cultured as”™
descrlbed in: Materlals and ‘Methods., ‘Aggregate: represents a pomt

(Bar lOO um)

N - . -
: e R
- - «
. - .
o
S c
o )
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' aggregates is highly age-'and tissue—specific.

'_ It was demonstrated in the present study that by u51ng

' low-speed ( < 60 rpm) rotation-mediated cell aggregation, it

- was posszble to reconstruct multlcellular structures from

h”Patterns (560 563)._ The ability of”cell suspensions to form h-f‘5”

embryonic liver cells. After 2 hours of rotation 1n flasks,f:ﬁ_rﬂ

dissociated cells had formed into small clusters.” ﬂfter 6aﬁu~-?7
hours in suspens1on, the clusters had become 1arger, although:
a 51gn1f1cant. portion of the suspen51on was still 51ngle‘

cells._ By 24 hours all of the cells appeared to haye.':”

'-w:

aggregatedu into- clumps,ifbut' those ‘cells incapable off’
aggregating whlle 1n suspen510n probably deteriorated during‘

this period of time, leav1ng the impre551on that few single

B g

cells remained. Wlthln -48=72" hours the aggregated cells had_’ffiaii

formed a large membrane-type structure; 2 5 cells thick.x ItS“h‘

appearance was very 51milar to that observed with adult“n:fffib

hepatocytes cultured on a floating collagen membrane. Livere

3

: parenchymal cells were far less abundant than connective””

'~Connective tissue, made up essentially of cells lacking anyV

b'parenchymal cells,

‘cells," although spec1fic areas of";fthe‘t membrane : wereff'

established where close contacts between hepatocytes wereg:f

formed and the* cells retained ‘a spheroxdal morphology{

"nreal definitive' morphology: comprised the - bulk 1of _thef |

.membrane and appeared to form ‘ ,-basic' support - for theil

- -].



Unfortunately the inconsistency of aggregate f°rmationj'“'“

-»"'

- fmade continued studies on this topic difficult{JA

|

'f:aggregated i"t° small fragmented membranes. g Moscona (2sa.f.v&-'“

was greatly dependent on the Qulture Conditi;ons and"cells'

&t

7:rapidly lost their capacity to re-associate.;f' Because ofi?f*ﬁ{[r
othis, further 'investigations v'¥the survival tof fetal’i:
'g_jhepatocytes ;as, pseudo—tissueg were«»not continued, ' The:, o

e it
—— .

contention (192, 354) that dissociated cells will attemptftofﬁ”‘

: reconstruct and preserve a proper socio—cellular environmentff"

¥ ' ]

Standardizedff?u@fa
':ffresults could not be achieved ﬂ'On?many occasions throughoutfy*iglf

o “the study the embryonic Cells failed to re-organize or simplyf%?;':

';o?564) pointed out that aggregation of isolated cells in vitrovfff'”

*;ujlimited findings just described,,v however, "support thefﬁu'

5l;=in order to enhance survival.._ Cells which idlhﬁﬁﬁ_;yjz

?,f.demonstrate an affinity for each other rapidly died off whenfl;f,f

'”jin suspension,zj,ag;~

'f"t.S 3 5 Immobilized Bepatocytes ‘f' ' lfﬁ'gf'i

vu'

&4-

'”'.:cells has attracted a considerable amount of interest and

many studies on the subJect have been published (see reviews

‘565 568).' Of particular interest has been the observation:

'tthat immobilized cells are much more stable than cells freely"‘

-o\

--"'suspended 1,, lj_quid (569, 570). In spite. of the obviouslyv

i At present,rvthef immobilization of viable microbiali*

)
i

_important implications of this finding, few studies on thefj,«f

“;himmobilization of viable mammalian cells have been initiated.w;yfr”

o



example (i) co e

P o '

located v with

e

enzymes) was adapted for use withfhthe much' moref fragileffrﬂf;f

_fw mammalian cells (571)-;11"

Essentially, frEShIY iS°1fted ;adult rat hepatocytes;f?f;""

were suspended in a prewarmed‘({OFC) aqueous solution of 5%f}§‘**“

: fgocarrageenan.; Small droplets of this suspension were rapidlyf

- qveiil.’;‘dfjb&;;_yi’mméfr?é-i}ﬁg'.“_'tpi",r‘i'to-ﬁ,;-.anz;,f.fiao-_gq':ﬁ;i‘gfj'Tti’é‘%XQi{'ac12 buffer}{, RN

maintained at room temperature.4 The resulting‘immobilizedjffj

preparations were stable, semi-permeable, bead-type gels;¢~ej;”ﬂ

about 3mm iJ\ diameter (Plate ﬂ15).3fl The size of beads wasfﬂf{V“'

dependent on the rate of addition of the droplets to thefv};f’fi
gel-inducing buffer solutiona The final sphere size was the?ifiﬁi”

\ product of a compromise between speed of preparation andi
J“desired bead size. .. Because this~ method involved an all--;'i-.T
_ aqueous phase 3system,. and temperatures; used er;f onlyi7fﬂtf'

marginally elevated for a very short time,_it was possible to

R Pt e Ty T







.‘::‘rhis was substantially "l‘onger than hepatocy‘tes_

_cuitured' on more conventional supports (plastic, _26;

eads, and Pilwat: et al'.

microscope' and'ﬁ the embedded h pa,. ocytes were

'rhere were 1




neasur:edmvzablecells] 'mepointsrepresmtthémansarﬁstandard'

‘deviations of at leagt- 5 measurements pe.r time. pen.od obtamed from at
least 2 separabe acperinmts. \ . .
P ‘ ‘ - ' o . ‘ . e . - ‘ R ' P
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beads remained essentially stable for the active period of

v

the cultures, although after four/ weeks incubation time,l

> P / T I
signs of disintegration were becoming evident. a;”? T N

Carrageenan is used for the immobilization of enzymes

as well as ‘ce115°v thus, it was of interest to determlne

',whether the prolonged LDH leyels measured in immobilized -

cells were actually the result of 1mproved cell viability, or
: ~ .,

'simply'because leaked enzymes were_'entrapped within the f

7

;carrageenan matrix. It was observed that cells embedded 1n

lcarrageenan could be recovered by incubatlng the formed beads

"for several hours in a medium def1C1ent An adequate levels of
+

this procedure it was p0551ble to compare enzyme levels of
the carrageenan—entrapped hepatocytes w1th levels"in the
released cells.\l1 . | v“

?Lactate~ d%hydrogenase (LDH) act1v1ty was typically

between 5 and. 10 percent higher in thesimmobilized cells than

) .

in the recovered cells. It was, however, not apparent

.whether these higher levels were due to . the presence of a

small percentage of trapped enzyme, or possibly the result of e

ﬂrﬂdamage occurring to the entrapped cells during the release_;

” procedure, thereby giving artificially 1ower measurements for

~ the freed cells. . Regardless of the exact reason, however,
“~\

K, thereby dissolving the sJ%rounding matrix.. 051ng 'i'

“

ﬁthe difference was\small enough not to make any significant

s change in ‘the overall findings.'

» . s

+.

o .

A
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5.3. 6 Studies on Drug Hetabolisn

The present study was initiated to determine whether,

&

.‘the metabolism of drugs by intact, isolated’hepatocytes could:

‘\
.

_be used as an inivitro model which would resemble in V1vohfjl,'

.
AN
N

metabolic patterns more accurately .than what has been ff

"-‘observed using brokeh celI preparations. Unlike the maJority_

.of investigators who haye employed isolated cells for ony af;
J

-Q“very short time (usually < l hr) following dispersion fromiik

'liver tissuef an important aim of the current investigtion'

- was to. capitalize ‘on the extended functional viability of,h

"V_intact hepatocytes. - . B e

| " To illustrate the viability of these in vitro systems;
uthe conversion of amphetamine to p-hydroxya%phetamine was.
“pselected as a reaction which typified an in vivo metabolic“'

| system in rat.' This pathway was considered relevant for thev

.;}reasons identified by Billings et al. (6). 71) the . reactionl;f;f

:’constituted a major metabolic route in. vivo, (ii) the product
of. tHe reaction was a terminal phase I metabolite, and (iii)ii
‘ the product of the reaction could be guantitated by a sensi-wa
.tive and specific analyticalamethod. ‘- ‘ ., C |
‘u‘ The pgggyhydroxylation of amphetamine was investigated'
' in isolated rat liver' parenchymal cells cultured as mono—i_
:layers, suspensions,‘and immobilized systems. , In addition,f
" the results obtained‘with cultured hepatocytes were compared .
 to the extent to which metabolic conversion was found to

'occur in the live - animal, ,and .in ~broken: cell, incubations_.

k)
4
L



(10 OOOXg supernatant, microsomal fraction). Quantitation of

p—hydroxyamphetamine 'was3’ achieved using :{th procedures

developed for }he analysxs of trace phenolic amines in brainL
tissue (Ségtion 5 2 ).‘;‘ | T
5. 3 6. 1 Establishment of a Comparable Basis for Analyses

To date, a major inconvenience to utilizing 1solated o
hepatocytes in metabolism studies has been the absence of a
standardized method of presenting results.ﬁ : This problem

becomes particularly apparent when comparisons are being made,.”

-

between different—in v1tro systems.; Investigators have used

numerous measurements when presenting results. ) These have3

N

included the yield of product formed being expressed 1n terms e

of per gram hepatocytes, per gram dry weight (cells), per

nmol cytochrome P450,:

per .ug DNA, per number of cells,‘
"~or per mg- protein.. Although any one of these approaches can o

be used satisfactorily for relative comparisons within }a3u"w
51ngle study, ‘itt:is‘ ‘very difficuﬂt 1to! compare results b‘_ C
described in one - way with data presented in a different o
| manner.3 As -a means of‘ presenting the current data ‘in a - H
con51stent manner, protein contents of the various in v1tro

systems were determined (Table 29), and all. results were'

}"usually expressed as nmol preduct per mg microsomal protein.'

 In some instances, - though, : where -’ the‘ investigation

required that a, comparison be made between in vivo and in

-

v1tro processes, the only allowable basis for comparison was
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._‘.-TABLE 29. Protem Cont.ents of Isolated Rat leer Cells (Adult and Fetal)
as Ganpared w1th that of WhOle leer 10 000Xg Supernatant o

. MICROSQML

~ISOLATED -
LIVER CELLS ~

4"

" WMOLE LIVER

- 10 000Xg
“ SUPERNATANT

N

per 10° cells’

per g wet weight'

.32 mg

C9lmg b

'445mg

],j 127.6 ng !

‘perg wet weight

| ,132j6'm§12qf!52
- 100.0 mg-2 -

FETAL TISSUE f3.’ o

MICROSOMAL o

ollmg
/065 mg"

- 8.3mg

‘.7,9;ﬁg; -f7*’

1

PURIFIED LIVER PARENCHYMAL -CELLS

e

140 x. 105 PARENC‘HYMAL CELLS / g wz'r WEIGHT ADULT LIVER (288)

._2

3

AR

194 x 1os TOTAL NUMBER CELLS /g WET WEIGHT ADULT LIVER (554);J'

758 x 10‘ TOTAL NUMBER . CELLS / g, WET WEIGHT FETAL LIVER (5541;;7u‘*




f ;in terms of the extent of’metabolism observed as a percentage7yi"' |

of the administered dose. But while this approach did notf'

'ipermit direct comparisons of metabolism efficiency between

fthe two SYStems. it did allow for rudimentary correlationsf{jgr“:

= to’ be made between in. vivo and in vitro models..'_ e
| Using the method of Lowry et al. (441) and Miller (442)3
B ‘for protein determination, it ‘was Observed that protein _t

fdevels in isolated,_intact hepatocytes were very 51milar to"

fhfthose determined for the 10 OOOXE supernatant of whole liver:ﬂ_;ua.

_:homogenate. Although actual protein measurements were foundrh )

N

'5to be slightly lower for the supernatant of adult liver when.'

scompared to that of the isolated purified adult hepatocytesjfi;5

”»y(Table 29). this reflected he‘: presence *7ofl' 20 30&\

”'.non—parenchymal tissue ﬁin ' 11ver homogenate. f 3, Making; v

allowances for these non-hepatocyte components,.the protein'

-lilevel of]:he liver supernatant was approximately equal to the;d o

: value obtained for ‘the . purified parenchymal cells. ‘ Wlthffg“

‘.dissoc1ated fetal ﬂiver cells in which the parenchymal cells”'

--oould not. be efficiently purified, the protein contents were1{'

. . : A
'nearer to those* measured ih  the fetal liver 10 . OOOXg

'supernatant (Table 29).



“l15 3 6 2 Aromatic Hydroxylation of Amphetamine _ Lo o
5 s, 3 6. 2.1 A Comparison of In Vivo and “Some. lni;vitro?ffii”
L netabolic Hodels _;ifiifj;,“i/};?*sg::‘~?*ff 3f“?”5ﬁi: :

. : ‘I'he information summarized in Table 3q was obtained |
affrom preliminary studies in which*the viability of vmrious
Qmetabolic models were examined . ln general,: most of the

‘[systems demonstrated some' aﬁﬂlity to convert amphetaminean

qéfII) to p-hydroxyamphetamine ﬁ, (XIII).ﬂ»: ;_(But | whereas }i
amphetamine ) para-hydroxylation as'5 observed to' occurif

fiexten51vely in vivo, the degree of conversion in the in vitrofj-"”'

‘fsystems was" relatively small. )
PR i S e
Results were determined by exploiting each metabolism )

\)

'system to produce the greatest amount of product (XIII)Ja

T*possible, undem “swpndard conditionsyiestablished for each:f

'isystem.. The most effic1ent in v1tro preparation examined wasiffl

<

“adult hepatocytes established as azméholayer culture.:'iln_

dcomParison, entrapment of isolated cells within. ag' “;

\Ilicarrageenan matrir resulted in a noticeable decline in the -
Al:amount of p—hydroxyamphetamine recovered. This occurred 3,_,:,_..:""i
'?spite of the fact that hef process lbf immobilization'?lv
' prolonged the viability of the cells., An explanation ﬁm:th1§jk

1;Aapparent decrease in hydroxylase activity was not readily

( evident. Hepatocytes in suspension had the lowest capabilityig;u

‘7of the three culture systems to pgzg:hydroxylate amphetamine:;;‘

,(Table 30).- | The amount of metabolism n the. suspensioner

'CUIt“re was Only 20% that measured in cells maintained infﬁ

W
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' TABLE 30 A Ganparlson of Ievels of Anphetamine para Hydmxylase
Act1v1ty found in Va.r.wus In Vztra Rat L:.ver Preparatmns LA

e ' pHYDROXYAMPHETAMINE pRoDUCED”

m Vmo-\" P i RECOVERED * -.-mcmsam Pmm.

ADULT LIVER j o .a‘}

‘10 oooxa srmmmm S 1540 ng: 0357
. »105 oooxa mcmscm’a‘:. s 520 ng. 04177
o ~._ -;105 OOOXg cm'osm. e T .' 'o ng-s“ L _.'0.;.,, BOEI
-'HEPA'IOC!'IE ymcm.m:n LR . "é750f ng | 14.
rmpm nmmzm'xcu .o 2000 mg T 1020

» mmmcm suspmsxm 5. .. 2000mg 2.8°

o 'EEI‘AI?'I‘I"Y EB"'- R

10 OOOXg&lPERNATANI"»- S S omg 0.t |

: [mmm"- o omg o teua

v

mvrvo‘ VR i -
L g T T R e Ty 18
CBDULT RAR: oG oo U 425wg T IR (44,78) ¢

Suasmu couc, 1oun1mnmmu
mammmmmrnm
mm INCUBATION. Lo
30" hour - CULTORE mcun-rxou

€ hour ' SUSPENSION mcmnm v : co
su:sm'u conic., 10° -q/kq pes. 48 houz unm coumxc-
nmnqn}ss-qnucmsmrmm/ mcuuuou_nm -
BASED ON 1.3 By MICROSOMAL PROTRIN (4x°10% cells)/corzome.
mnyouca-qncmmvmn o.sxm' e-u-)/cuz.m
umavs-qncmsmpmu/ncmnwm .
uumouozzuqnucmsm PROTEIN- (20 % 10° ‘cells) /CULTURE..
nnmmmmorrm nszncum:mzzsoqur.

nnmmuorrmomnmaxnmzmcmm
p—mmhm'muu mau IAT 0? 3.\ (633) .

° -'Q'Q 'uu"o.'u ‘n 1 I

“v!.
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"mOnIayer culture._ One factor which probably contributed to

this diminished capacity for metabolic hydroxylation was thev”

‘

instability normally demonstrated by cells suspensiOn 5'; S
l; culture. Hepatocytes (maintained in suspension lost 'ali

amphetamine pf-hydroxylating activity after Just 4 5 hours of'

incubation, whereas cells maintained as monlayer cultures or_.”

hours. In comparison, incubations u51ng rat liver 10 OOOXg'

[

RO immobilized cultures retained this function for up to 24',f’

..~ supernatant 'remained lviable 'for, only' 60 minutes,'cand,

miérosomal fraction for 45 minutes.

Isolated fetal rat liver cells dld not exhibit any ~“f” |
' ability to convert amphetamine to p—hydroxyamphetamine (Tablej
30). Detection. of this specific activity' was not evident.

until- cells were obtained from neonatal ragggupigshich were”

" at. least 7 days old ‘ _.mg o - '?ﬁ

The current ; study further demonstrated " that = the

capac1ty for metabolism in isolated adult’ rat hepatocytes was
\ .

significantly superior to that of broken cell preparationsx’

(Table 30). ;zJTheﬁ extent of 'amphetamine p—hydroxylationﬁxv

obtained with, the 10 OOOXE supernatant fraction of whole

_.liver homogenate was only 1/40 of that observed with cells in o

(\

monolayer culture. -With ihe liver microsomal fraction,

activity was still less, only 1/2 that of the supernatant. ‘

Thus, even with the relatively poor metabolic actiuity demon-,

strated by isolated cells in: suspension,_meta lite formation

was still 8 and 16 times greater than that obtained with the




[

C3e1

e : @ e 1'. : ' . 5 oK i
‘.However, in this\instance, rates of hyqroxylation Gprodﬁct ,

’formed per time interval) were determined. f; Thus, these E;‘ﬂ
'investigators did not take into account that*the effectual
'incubation tim@ of suspended hepatocytes ‘wasisfiVe to ten ':;l ?f
Jtimes longer than that of microsomal enzymes.fn' | | |
o One further observation ‘was’ ‘made pertaining to theﬂbhﬁ
fdiminished hydroxylating activity measured in.the microsomal‘
'fraction when compared to the 10 oooxa supernatant fraction .
v (Table 30). Although ‘the cytosol fraction (105 OOOXQ super-J‘
dnatant) did not possess any ability to hydroxylate ampheta— JW;J_4
i‘umine,'_re-addition of this fraction to the microsomes just,-‘
prior to incubatibn ’increased metabolite (X;II) .production
from .18 nmol/mg microsomal protein .;o 428;{30 ’nmol[mé_
microsomal protein. - ApparentlYo_.the-'soluble' fraction |
contains certain components which promote maximum activity.:'
5~These cytosolic factors may play a more significant role
during metabolism by the intact hepatocytes as, unlike withj’"'

.broken cell preparations, they are maintained in the correctr

' subcellular location.

L
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| ViVO in rat, u;has' been | reported tO]j;be converted ,tod* '

N e

s. 3.6:2.2 Rat I.:lver 10 " 000xg - Supernatant = and. Cultured

Bepatocytes

R E
ot
I

5 3 6 2.'}1 The Effect of Substrate Coneentration ;75;di"

p—hydroxyamphetamine only in trace amounts when incubated ingggfs;

the presence of either whole liver supernatant or liver munx»'

¢

Amphetamine, although extensively p hydroxylated in ,y

somes (516 574 577)« In some instances,‘evidence of amphet—ly”’*'

amine pfhydroxylase activity could not be established in thef_:f?»

‘microsomal fraction of adult rat liver tissue (578 579) But:'7°'.
beoause of an previous absence f*_sensitive analyticalg Lo

‘ techniques, this problem of insignificant metabolism may be.'~

%

partly explained by the high substrate concentration requiredv

in earlier investigations, since inh?%ition of amphetamine_g N

hydroxylation has been observed in studies with microsomesQ

(576 577).%’In the present study, the effect of amphetamine'

”qoncentration on. the extent of - B—hydroxylation by isolated

supernatant was examined.

-

hepatocytes in monolayer culture and by liwer‘ 10 oooxg. .

_ In Table 31, amounts of ;rhydroxyamphetamine produced}‘
by incubations carried out in; (A) NADPH/NADH-fortified ratr

liver 10 OOOXQ ‘supernatant - (B) 'adult rat hepatocytef"‘
monoiayer culture, are given as a function of .substrate';
:concentration. As demonstrated with both supernatant andﬁ

intact cell.,ingubations, the extent of - drug metabolism‘ isf

. .'.‘ . . R .
. . . _.""‘4 ’ . ‘.“‘.
,
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'ffﬁﬁamounf'of amphetamine

‘-‘-.10 0 umol substrate, enzyme activity in the cultured cells

“”T"umol of amPhetamine was

*hh;all investigators found this to bh

umol amphetamine), representingﬂ

used proportionatelm

'[imodels could eventually be saturated when h;gher levelsfof*

'}qubstrate were employed. Butwhenms amphetamine hydroxylation:

f;‘by the 10 OOOXQ' supernatant: was inhibited at approximately Ve l

?fjdid not display éigns of saturation unt11 between 300 and 500

yﬂpresent l?h . pharmaCOI:-

‘. g e e

:significance of substrate saturatlon of theq}metabollzing
,,]enzyme system 1s unclear though,isince 1n vivo amphetamine

'ﬂflevels above 0 l umol/ml would not be expected (624)'. ;f1:;

) f5-3 6 2. 2 2 The Effect of Cofactors and Nicotinamide ff]?,fﬁ7“ =

Although numerous studies employing? isolated hepato—

PR

5_cytes have ‘shown endogenous levels 'f

: "mum) to be

,AJ{(581) for example,_found that the enhancemen_f



;fzmaintaiﬁlthe activity o J

“ fcofactors, however. which P
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TABLE 32. The Effect of dacactor mmm/mm) Py Nicotinamide

EE Addition on M[metamme pam-ﬂydmxylatlm by isolated Hepatocytes

in!‘bmlayercultut%

EXPERIMENTAL e p-H’{DROXYAMPHETAMINE FORMED
CONDITIONS C o U as nml/&ng micmsmal pmtem
. L substrml) = 1@ 01
CNTROL . ..~ . .. . 14.0 (;00) 885 (100) .
oS s 218 ase) 11 1°a2
" NADH e o o 14.7 (105).° " g 9 20 (104) .
NADPH 4 NADH: - o . 26,3 (188) ¢ 12[7 (l44)

815 (82) ¢,
.7.10 (80) |
S | 3.4 (40)/

' NICXTI‘JNAMIDE"(_V_ 8 2 e "".":'f"_."',‘!e'o",,:( ,46) TR

8 Rsmnvz m con'rnor. IN pammsxs 0. L /
" ADDED_IN A CONC. OF 1. 0 umol/mg MICROSOMAL pmm
'ADDED IN A'CONC. OF 0.5 umol/mg mcnosom PROTEIN
AISDEpAper mg mcnosom PROTEIN ' PO

S - N »-f"
\

1“1
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) /

ffwas-twice .as effective

r ot
“ "},ﬂ’
&

| ‘d. In spitef,:of'r“thyu: increased o extent.-.to' which
pgggfhydroxylation occurred following supplementation of the-;
';primary culture with NADPH/NAPH, these augmented levels of
;'cofactors.were .still ineffectual ,rin‘ prolonging ﬁhe7'
hepatocytes' metabolically functional life*span beyond a 24,;

fhour limit. & major cause “for- the lack of effect appears to o

.‘

.'be the rapid loss of ' cytochrome P45° -'content 'which
occurs in cultured hepatocytes, declining to 10 20% of the‘
\]initial levels during “the’: first 24 hours (329, 367, 386,
‘3?0) This, combined,with a- 60% loss of cellular NADP/NAD'

'ialso wtthin the initial 24 hours in *culture (583, 584),:

I

“ilimited use of cultured hepatocytes for drug metabolism ‘to

‘one day studies. ' Paine- and cowoﬁkers.(583-585), however,

cytochrome P450 .and'_NADP/NAD(jfrom fcultured celIS'gfy

including high, : unphysiOIogical' r~concentrataons .if;éf-
Q”nicotinamide in the cudture medium.‘ Although the mechanism
by which nicotinamide o maintain# cytochrome- P450 is
.lunclear, it does not appear to be related to its ability to;»
~increase the IQpcleotide content of cultured hepatocytes,ﬁii

'since Paine et al. (584) demonstrated that isonicotinamidei

\ .

icouldn't be used to 1ncrease cellular coenzymes,' Attempts

wvere made to increase the practical life-span of isolated7l.5"'

cells' metabolic capacity.v

N

~.

s

.

~found that they were - able to. prevent the loss of bothé(,_mﬁlq

Justaining P450 1eve1s, but _,_f

jhepatocytes by determining the effect of nicotinamide on the'”~=~
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J " As illustrated by the results in Table 32, the addition_*TV 3

7l:of nicotinamide ‘to. primary monolayer cultures was Yound to"gg-'

Ll

suppress the metabolic hydroxylation of amphetamin;,- «This73;;

occurred regardless of the concentration of nicotinamideﬁ;

added, but it ‘was unclear;whether the nicotinamide competed

| W.With the . amphetamine for the available metabolizing enzymes;jf

-‘and cofactors (490, 492),.or in fact, proved toxic to the‘

isolated hepatocytes.’_ The decline.‘in metabolic activityi‘h‘fff

observed in. 'the', presence of 'high ’concentrations of.3

;"nicotinamide .could be offset slightly jby the concurrent”" s

,addition of NADPH (Table 32) This suggested that the effectgggqﬁﬁﬁﬁ

of. nicotinamide was, at. least in part, due to’ a co ’etetive4f ﬁg*h

‘e

A_process for available endogenous cofactors. ”’

l”5 3 6. 2 3 Phase_.II Conjugation aReactionsppin;tJSolated-
: }v.' S Hepatocytes o .Iiv.lﬁgl o
| The usefulness of liver parenchymal cefls 1n culture as -

'an in vitro model of hepatic metabolism depends on» theirj'

gability to produce metabolic profiles similar to those seenm

7,12_21223 One of . the observed advantages of isolated hepato—_w”,c

rlxcytes not found within the artifical nature of broken cellﬂfﬁ

"l

ufv'preparations has been the retention of an appreciable phasexcﬁ

S metabolizing capability 5. 136, 191, 192,.390 402, 430,-__{:;‘_-
431).. A8 pfhydroxyamph tamine : undergoes o exten51ve*'

J conjugation with glucurwnic acid in vivo in rat, a study was

initiated to determine[if the" same hydroxylation-conjugation_'f;. ’

.;%74;//Z/ﬁ



L. emle

(d%S\ of the total Erhydroxyamphetamine recovered was in the -

- found to compare favorably

A'iof conjugation was determined by measuring the level off

"‘:fenzymic hydrolysis with B= glucuronidase.

) It is shown in Table 33 that after 24 hours in culture{

i‘as much as - 10 fold,‘ depending on experimental conditions-

(411 586). | Still, the extent to__which_;conjugation of

n.thydroxyamphetamine occurred Lnfmond?ayer cultures (66%) was

'ﬂ_relationship prevailed with isolated hepatocytes. The extent’

'g-hydroxyamphetamine formed from amphetamine before and after'?'

,! f‘ conjugated fdrm . This degree of conjugation is significanthff~,

' but considerably less than the 95! conjugation after two -
‘hours by isolated adult rat hepatocy%es in suspension asiih‘

‘:'reported bY’ JODSSOR (574)- : However. recent studies havefzi"

: demonstrated that glucuronddation in isolated cells can varyll'

or?the level of glucurondation._ o

measured An 24 ‘hour rat urinelsamples (81%) (Table 33). Thisl;;'

illustratedy that in some 'instances results obtained from

- ,isolated hepatooytes could;show'gnﬂexcellent correlation with,

metabodisnl observed in vivo:

N incubations.-; Attempts, during' the current étudy to s:?w
.mfglucuronidation by the fortified liver 10 OOOXQ supernat £

."and microsomal fractions proved unsuccessful.

fin fact.. considerably better;f

}ﬂthan the correlation between the live animal and broken celliv“':

An examination of the distribution of E” droxyampheta-“( |

\ .
N .

:mine formed by hepatocyte monolayer culture shywed that both' '

;lilthe free and conjugated forms were preferentiagg;'found in l<v



,TABLE:;BSf;:',,: A O J,aon of the Ect:ent of Phase II
p-Hydr etamine which occurs. In. Vivo in Ra
toocmmwithhdpltkatﬂepatocytetinm

s

R L p-HYDROXYAMPHETAMINE F'ORMED
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vy
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.thelmedidm,f rather than the Cells..ﬂ Only 9% *bfi;thgf'“Q;

;l_t¢metabolite remained within the cells, present eqﬂally as tb§;~r'5‘

.ConJugated and unconjugated forms. | This Sgreed with #ﬁt"'"“ﬂ

.,s:,majority of investigators who ‘ have also studied gﬁélzﬁ'_T

kf?ébiOtranSformati°n °f drugs bY”‘!solated cells and- observed»;eb:f

"-;that both phase I metabolites and their conjugates typically_f;

- _predominate in the medium (3 136, 421, 422, 587).

_ebe appreciated that because metabolites tend to COncentrate};van

e

1t should-"_ o

_‘;;Outside of the hepatocytes, it is possible to examine thea,f}

t:metabolism of drugs w1thout having to destrOy the CellléG’“
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!The current investigation, though modifi%d as . the study4"”

v‘w :progressed had three primary objectives.{'xhh

The first objective was the improvement of in v1tro drug“ﬂ,j"

firmetabolism techniques to permit better correlation with the in'

g

‘fviVo metabolic process. Throughout the investigation, ﬁt was

'-‘observed that fortified reconstituted enzyme systems suffered

"ﬁ{ffexperimental conditions used T The study

,.afmetabolizing activity of broken ce

mdifrom many limitations and were only of marginal value as a;}ﬁj'“

Tmeans of predicting the in vivo metabolism of drugs. —Even_,“

'dﬂimethodology could

'markedly alter the extent of substrate metabolism, and many off_a _

”vthe generally accepted principles “and proceduresd used for. -

- ‘studying metabolism in vitro, especially those concerning thed '
v'blochemlcal compositioﬁg%f these preparations (ie, cofactors,:h'
-fglucose 6 phosphate, NAD— or NADP- linked dehydrogenases,}‘_

hetc ) were found not to hold true, at least undsf

V“ithat many of “the biochemical and physical factors °f the B

experimental procedure which affeCte,,,

'bff_under standardized in vitro incubation conditions whichfﬁf'&

7af5provided microsomal and cytosol enzyme preparations withifﬁ

j;optimal activities.,

, hi radical departure from -{h type ;f 1n vitro'

.fs successful in.*ﬁ°'

ﬂ~identified This permitted invgstigations to be carried out_",j_;

-:preparations discussed above resulted in a lengthy undertaking”a"'“

{fto adapt the use of isolated intact hepatocytes for drug7[]"

> .
. . R
~ T



v~r‘;metaboliSmistUdieS.' ‘Rat liver parenchymal cells isolated'by”
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*Collagenasé digestion ‘were found to retain many of the
4iﬂ@essentia1 characteristics of the intact tissue, including the'

5capability to actively ar -hydroxylate ampyetamine and tolr'

‘“-;conjugate (Phase II metabolism) the resultingiproduct‘. Theseﬁf"

Qﬂf@hepatocytesr when cultured in v1tro in the presence‘of fetalfj"

bovine serum, and glucose as the sole source of energy,‘were

o

]capable of demonstrating increased -survival times upon the

:addition of high levels of insulin and dexamethasone.;
DL . 3
B The moSt promising hepatic cell culture systems for

:fmetabolism 1nvestivations were the ones consisting of cells N

:"oobtained from' animalsv beyond the neonatal stage§'of’

.

development“; Biotransformation reactions of amphetamine in

z

‘;.shcrt-term (24 hr) monolayer cultures of adult rat hepatocytesn;'*’

- correlated ,well with those observed in ‘the. liVe animal

\

iUnfortunately;., pronounced feature ’of cultured mature”-‘
' &

””f,hepatocytes Was the rap1d deCIine in drug metabolizing

<'activity with the passage of time.

fnot appear to be due to any non-‘pecific damage to the cellsy:
{as 'a result of the isolatign'procedure, as collagenase

3 s e

_gperfusion *bf-lth liver yielded hepatocytes Of- well B

This loss of activity did_“‘

-f;substantiated -viability; nor was it» a ‘reflection Aof theﬂ.'v

vinevitable much slower structural deterioration of the cells*”

¥

. in monolayer or immobilization culture.;. This rapid loss of

/?‘(\ . N

"hmetabolizing activdty cannot be fully explained and appears.

unavoidable at present.‘ It may prove possible to prolong theff'f

metabolizing adtivity of hepatocytes in vitro by maintaining;ygnll



L enzymes.
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’ >

the cells' differentiated state through the development ofﬂ»f{.'

' newer media and anchorage substrata which can be made to\more-

acCurately duplicate the cells' Ti vivo environment. fiIf"

""vconditions can be established thCh will improve metabolism by;gﬁfﬂf

'cultured cells, the atttactiveness of these systems for drug
metabolism 1nvestigations w111 be greatly enhanced R

The second obJective of the current study was to gain a

g better understanding of the biochemical mechanisms involvedff’ﬁj'

:during the process~bf metabolic ketone reduction., Many of[theayvf}”

b

biological and phy51ca1 properties of these reductases were;h- £

"characterized, and. the overall results demonstrated that the'”t7

b in vitro 'activities of ‘the med1ating enzymes were highly_
3°dependent on cofactor, spec1es, and substrate. As a result of

'these findings, many of the generalizations made by earlierf;

“invatigators;concerning ge. characteristics‘ of ketonel

'~reductases were mbserved not to hold true. A more intricate,v:*

“understam;ing of the behavior of mammalian ketone reductases

T will req ire further studies 1nvolving the use. of purified

SN

o A maJor analytical procedure successﬁd&ly_d

'y_‘during the investigation was the adaptation' of gas ”liquiuyyt-

h:y-chromatographic techniques to the determination of quantitres:ﬁgiay

of each optical isomer in racemic mixtures.‘. Thus, although”l
metabolic reduction made available only microgram quantities;y .

of products,‘it was possible to measure accurately the;

‘stereoselectivity of this reaction.,a'

V

The final objective of the present investigation was to~s*rvx



f_determine ‘to what extent brain tissue was able to metabolize

ffin vivo the CNS stimulant amphetamine,‘and to identify and

;ffquantitate the - metabolites.} Results*confirmed that rat brain

N

;lfpossesses ;thet capability to both para—hydroxylate t;d?ﬂ

' beta—hydroxylate‘ this sympathomimetic amine.;_ Although it

- appears that metabolism occurred via physiological pathways»

l,;cbmpounds of intere

”"chromatography/mass spectrometry) were used. For 'his reason,fl,'

“ffibiological fluids. and the ability to do so represents a major ;.ffff

s”which are/\very similar in structur

sources -

t-icontribution to current drug metabolismfinvestigations,lﬂie;

:which exist for the production of endﬁgenous brain amines ?Fﬁb

}iand pharmacology to L

amphetamine,_it has yet to be determined whether or

During this study, a number of significantv

lmade in the development of chromatographic methodologies for

{ﬁthe identification andqquantitation of trace amines in complex

i

‘\b101091Cal samples._ Simple extraction pro”edures could not beﬁ

‘used -since they resulted in the ‘carry—over of ‘endogenous?f?gﬂgl

"contaminants which interfered with the anal;;fvh

'rwhen highly sensitive detection methodsV'AL

i(electron capture gas"chromatography and combined gasiuzf

s

al considerable effort 'wasv made ' 1mPr°V3'_a"a“Yt;°ali%

‘-techniques which Succeslfufly separated the comp unds;ofl”

’

frinterest from contaminants prior to the final identificationirif”“
,wand/or quantitation procedure. Eventually, it. proved possibleku~*’”‘

to analyze accurately nanogram quq.tities of amines in\-l
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