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- . SUMMARY . o

Studies wére carried out on ponﬁamine,oxidase (MAQ) in
'genetically obese (ob/ob) mice aﬁd their lean controls.
,Monoamiﬁe oxidase is believed to be located on the outer
mitochondrial membrane in the liver and other tissues. It
has been suggested that the Jactivity of the enzyme may be

regulated by the lipid environment in the membrane, and

“that, in vivo, enzyme activity might be affected by diseases

that alter lipid metabolism. In this context, the ob/ob

-~

mouse provided an interesting model for studying ithe effect

of lipid environment on the activity of MAO. It has '‘been

<used extensively as an experimental model for obesity and
maturity-onset diabetes, and in addition, ﬁas bégn reported
to have several membrane-related procés;es that are
defective.

The first. part.of this fhesis"Tocdseslon_stu&ies done
in non-treated lean and obese mice.  Whereas Eb significant
differences were observed in the brain and hegrt, a study
of tissue distribution‘showed enhanced activity’in the
pancreas, white adipose %issue, and liver of obese mice,
Abnormalities.iﬁ the lipid metabolism of obese-mouse liver

" are widely documented. This tissue was therefore chosen
for further studies on the effec£ of lipid énGironment on 7y

monoamine oxidase activity. A check on the activities of

two other mitochondrial enzymes, cytochrome oxidase and
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kynurenine'hydroxylase revealed no 51gn1f1cant differences
between lean and obese mice, ‘suggesting that the greater
activity_of obese-mouse MAO was not a generalized effect on
all mitochondrial enzymes, ‘

. The current view concerning—the heterogeneity of MAOQ
is thatJﬂhis enzyme exists in t o forms ‘MAO-A and MAO-B,
the dlstlnctlon being based LOR Substrate specificity and
differing sensitivities t?/substrate selective 1nh1b1tors
Studies with various subsgﬁates (serotonin, benzylamine,

v

and tyramine)iand inhibitors (clorgyline and deprenyl)
indicated that unlike rat liver itochondria, mouse liver
miﬁocﬁondria contained a predoTézgxee of the B-form of the
enzyme. Whereas the Km values for lean and ob/ob mice were
the same fer serotonin, benzylamine, and tyramine, the Vmax
values for all substrates were at least 50% greater'in obese
than in lean mice,

Extraction of liver mitdchondria with acetone/water
and-acetone/water/NH3 to remove lipids decreased enzyme
activity ﬁore in obese- than in lean-mouse preparattons,
but residual eCtivity was the saée in both preparations,
suggesting that the greater specif}c activity observed in
obese mice may be due to an alteraplon in membrane 11p1d
comp051t10n of liver m1tochond;§a in these animals,

‘Results published by other.intestigators have implied

a structural or functional interaction between MAO and

. mitochondrial phospholipids. A study of phospholipid species

4



- X
L]

profi;e did not reveal any significant differences in
éompositibn betweenslean and obese-mouse mitochondria: PC
" and PE wére found to be the major components of both types
of mitochondrid. In the analyses of the fatty acid profile
of liver mitochondrial phogpholipids, arachidonic acid was
}ound to be approximately twice as great in the Pd,'PE + PG
aﬁd PI + PS fractions of obese-mouse liver ﬁitochondria,
than in the corres?onding lean samples. | |
Since 3 lipid dependency was suggeste& by the results
obtained with lipid-deple%éd ﬁitochondria, and significant
differences were observe;\in”?hE*fatgxhacid compo%ition of
mitochondrial phospholipids, two-procedures were used to
attempt to altef the 1ipid.environment of the enzyme by
manipulating the fatty. acid composition of mitochondrial
phospholipids. These treatments involved'chronic cold
exposure (14 i.i°C for two we@ks) and treatment with the
antibiotic oxytetracycline (100 mg/kg I.M. daily for 10
daysj. ‘
Oxytetracycline (OTC) has been previously reported to‘
alter lipid metabolism in the obese mouse. Since another
antibiotic, chloramphenicol has been shown to alter the
acylation of phospholipid precursors in cultured BHK-21 cells,
it was thought possible that treatment with OTC Qould also
significantly alterlfhe fatty acid composition of liver

mitochondrial phospholipids in the obese mouse. The

specific activity of mitochondrial MAO towards tyramine and
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" benzylamine, but not towards serotonin, was:signifitantly

&ecreased in treated lean and obese animals. The specific
ractivity of cytochrome oxidase, .a mitochondrial marker
eénzyme, was not altered, suggesfing that mitochondrial
enzymes are not all affected in the séme mahner by oxytetra-
cycline treatment, S

The‘effect of treatment did not appear to be due to

direct inhibition by OTC itself, or a metabolite produced
by chronic treatment of the-intact;animals with the drug.
No significant 6hanges were observed in such enzyme
proberties as inhibitor sensitivity or the pattern of
substrate specificity, Treatment did not alter enzyme
affinity towards tyramine and benzylamine, but decreased
Vinax values for both substrates. . While changes in other
fatty acids were observed which did ndt seem to be
physiologically significant, treatment did not significantly
alter the levels of arachidonic acid which was found to be
présent in greater amounts in liver mitochongrial phosphpw
lipids of the non-treated obese mice. It appears then-that

the decrease in MAO activity following treatment may not be

----- .

attributable to a mechanism involving the altéfation of thé
fatty acid éomposition of mitochondrial phospholipids.
-It has been previously reported thatlthekﬁemperaturé
ng ob/ob mice drops to 31°C.-on chronic cold eprsure to

12 + 1°C. It was considered possible that this reduction
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in core temperaturé would result in-an.adapfive change in
the fafty acidicompositiﬁn of.liverhmitochondrial phospho-
lipids. 'Such a responsé to a'decfease in ambient température

Qas bgen'observed in_mémbrane phosphoriﬁids in othe;-organisms.

As was expecied, no"éignificant change in MAO activity
was ob;erved in lean mice, since these animals are reggiﬁgﬂ
to be capable of maintgining their‘bodyvtemperature duriﬂg
chronic cold exposure. Treatment, héwéver, did not produce
any significant changes in MAO activity in the cold-exposed
obese mice. An analysis of the fatty acid'comﬁosition of -
the obese-mouselliver mitochondrial phospholipids did not
show an increase in Qnsaturated fatty acid content.

Arrhenius piots of MAO activity at temperatures from 7° to”
37°C revealed that the transition temperature was at 23°C,
which is‘considérably below physiological temperaturé in

both groups of animals. This may suggest that in spite

of the reported, lower body temperatupe following cold |
exposure, monoamine oxidase of obese mouse liver mitochondria
was functioning in vivo in a still largely fluid environment,
thus making an adaptive increase in desaturation of fatty
acids unnecessary.

Since a high degree of uhsaturation-favors the
disordéredlfluid state of the phospholipid matrix of
biomembranes, and the fluidity of phospholipids has been
reported to be essential for the functioning of some

membrane-bound enzymes, it was thought that the increased
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2
1

arachidohic acid in obese mouse liver mitochondria might

be responsible for the enhanced MAO activity in these animals.

The similar values obtained fof'transition.temperatureAand

Arrhenius activation energy between lean and obese-mouse

MAO Suggesfhthat arachidonic acid does not appeér to enhance

the fluidity of mitoﬁﬁondrial lﬁpids in obese mice, The'

r\pbser\ration that lean—mouse MAQ activity was not hltered
in experiments involving Fhe inco}poration of arachidonic

N

acid into liver mitochondria appears to support this view,



CHAPTER 1:  INTRODUCTION

I. REVIEW OF LITERATURE

Life is, by the simplest definition,la ménifesration of |
the numerous interlocking chemical reactions of the celi, and
enzymes are the biological catalysts that accelerate these
reactions in the living. organism. Many of these changes are
.'not only accelerated by enzymes, but without the iatter,
_would not occur to any appréciable extent at body temperature.
It can be said, therefore, without éxaggeration that nearly
all functions of the cell depend, directly or indirectly,'on
the éction of enzymes. |

This thesis is a report.on studies done on the enzyme
‘monoamine oxidase imonoéﬁine : oxygen oxidoreductgéb\\__
(deaminating)i E.C. 1.4.3.4., MAO] in the pbese-hypergiycemic'
mouse and its lean contfols. The literature review is
divided into sections cbrresponding to the subject areas
dealt with in the study. A summary of the present infqrmafion
on monoaminé oxidase is followed by a more'detailed
discussion of the possible lipid dependency of this enzyme.
The relévant characteristics of-the ob/ob mouse are thpn
reviewed, Finally,_a bagkéround is given of the.actions of

the antibiotic, oxytetracycline, which relate to this study.
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I.A. Monoamine axidase

The term amin?_qkidase is generally used for_ two types of
enzyhes: 1) .mitochqndgial monoamine oxidase whlch“;%talyzes
the oxidative deaminaxion of biogenic monoémines such as” |
Fyramine, catecholamiﬂes and indoleamihes,.as weil as benzyl-
amine and kynuramine, and 2) plasma amine oxidase wﬁicﬁ
catalyzes the deamination of benzylamine, kynuramine, spermine
and spermidine (ZZOj.' The latter is a solﬁbie enzyme. A .
similar enzyme is found in tissues such as skin (lQS),_poﬂe
(f64) and dental pulp (223), where it is supposed to
participate in the crossjlinking reactions of collagen (34)
and elastin (230). |

Mitochondrial monocamine oxidase was first discovered in
1928 when Hare (124) found it to be capabieiof carrying dut
the oxidative deamination of tyramine;' Subsequently, ,
Blaschko and his c&—ﬁorkers (32) demonstrated that it coﬁid
also oxldlze other monoamines 1nclud1ng catecholamlnes
Since then the enzyme has heen de51gnated 'monoamine

' oxidase'. The reaction involved, in schematic form is as

follows:

'RCHZNHZ + O2 + HZOV -+ RCHO + HZOZ t NH3

An aldehyde is produced by the oxidative deamination of a

monoamine sﬁbsfrate, with ammonia and hydrogen peroxide as-
by-products. The aldehyde formed i$ converted either to an
acid with aldehyde oxidase or to an alcohol with alcohol

dehydfogenase.
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.Bernheim (29) proposed that.thg reactionycatglyzed by
monoamine oxidase proceeds by way of an imine ﬁﬁ%é;mediate,
and iAAirect evideﬁce has been provided to support this
vieﬁ (321).  The enzyme has been shown to be a flafoprotein
and it is believed that flavin is reduced or partly reduced
during the reaction (108, 312),

Solubilized monoamine oxidase preparations from‘ox
thyroid (82), pig brain (315), and ox liver (2315 h;ve been
shown to obey a double-displacement kine;ic mechanism when
-acting on aminé substrates, The-enzyme reacts with the .amine
substrate to form the aldehyde product-and a reduced form
of " the enz}me."This enzyme form in which the flavin
component of fhe_enzyme is reduced, then reacts with oxygen
to regenerate the free enzyme and form hydrdgen peroxide.

The membrane-bound.enzyme from rat liver has also been
shown to ofey a double-displgcement mechéhism (146), but a
comparison between Ehé kinetics of this enzyme preparation
and a solubilized preparation,from the same source showed
certain differences in the details of the kinetic pathwayrl
followed (148). These differences have been interpreted in
terms of a change iﬁ'the conformational stabilityuof the
enzyme, occurring when it is freed from itsimembrane—bound

environment,

I.A.1. Properties:

a) Flavin prosthetic group:

The first definite indication that the prosthetic

o
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group of the enzyme is a flavin was made in 1966 (226). An
FAD-like substance was idemtified in the beef-liver enzyme
and evidence indicatimg that the flavin group is involved in

the oxidation of substrate was presented by Igaue et al. (154).

FAD was found to be covalently linked to the peptide chain of
the enzyme through the S—a-CH3 group.bf riboflavin (12).

Subsequently, it was demonstrated that the enzymes solubilized

from bovine kidney (85), rat liver (362), pig brain (314),

L3

- beef brain (200) are also flavoproteins.

I.A.1. b. Copper content:

Pig brain MAOlhas been-reported to contain 1 g-atom of
copper/590,000 g protein (314, 316), however, no_increase in
enzyme activity was observed by preincubating the enzyme witﬁ
various concentrations of Cu+2. i

The copper éontent of the beef brain enzyme was less
than 0.01 ypg/mg protein and. copper chelating agents did not
inhibit the enzyme. Beef liver MAO contains about 0.07%

copper and is inhibited by known copper chelating agents,

such as 8-hydroxyquinoline and sodium diethyl dithiocarbamate

»

'(225). However, when subsequent purifications of the

'enzyme decreased its copper content to <0.15 pg Cu/mg of

protein, the characteristics of its inhibition by known

;opper¢cheiatihg agents were almost unchanged. Most likely,

cepper is not an essential prosthetic group.

#
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I.A.1. c. Requirement for iron:

The initial findings that monoamine oxidase £ontains a °
: 3 .

metal were based ox the loss of enzymic acti ity fin the

preéence of chelating agents. While the results of such

experiments using pUrlfied preparations are by themselves
inconclusive, Symes and. his co- workers (307) have observed
that the in vitro. act1v1ty of liver MAO in 1r0n def1c1ent
rats was 51gnlf1cantlyzlowered, whereas it was unaltered in
copper-deficient rats. The results have been conflrmed by
measuring total MAO activity in. vivo (306).

Several roles have been suggested for iron 'namély, that
it part1c1pates in the synthesis of MAO apoproteln or active
MAO, or that it acts as a cofactor for MAO, and 1lke flaV1n,
may be tightly bound to-’ the protein (307)._ There has been

no conclusive evidence for or against any of these roles.

T.A.1. d. Molecular welght:

The molecular welght}Zf rat liver enzyme was estimated
by gel flltration as 300 - 400,000 whereas ultracentrifugation

studies showed an estimated molecular weight of 100 - 150,000.

Nt was therefore suggested that dimerization took place in

the course of gel filtration‘(362).

IFA.Z. Tissue distribution:

Monoamine oxidase is widely distributed in animal tissues

e.g., brain, heart, kidney, and liver; and the liver has



generallyjthe highest specﬁfic~activity towards—~various mono-

amine substrates In man, the parotid and submaxillary glands

x

o have the hlghest spec1f1c act1v1ty (122)
" In several sources, the enzyme hai/been locallzed in the
mltochondrla (21, 611 125) However, the microsomal .

fraction of liver (211 alsq;contains some enzyme activity.

-

IiA..S. Phyglological role:

Monoamlne oxidase has en 1mpottant phys1olog1cal role in
the oxldatlve deam1nat1on of blologlcally actlve monoamlnes
rSuth as catecholamlnes and serotonln (65) While -serotonin is
gmetabollzed solely by MAO (Flg l), catecholamines are
1nact1v;;ed by MAO -and COMT* Fig. 2 shows the catabolism of .
the catecholamlnes, adrenal1ne and . noradrenallne The
. dégradatlon of noradrena11ne 1nvolves the oxifdation of the
side chain by the successive action of MAO a_d aldehyde
dehydrogenase, and methylatlon of one of the phenol1c groups.
by COMT. Degradat1on can begln with elther the ox1dat1on oT
the methylatlon in either the neurons or. the liver. .
Adrenaline, on the other hand is first methylated, and the
-methoxy'derlvetive secteted as such or attacked by MAQ to
give ‘the same derivatives as noradrenaline

Both MAO and COMT are con51dered 1mportant for the
metabolism of catecholamlnes A study of labelled

metabolltes appéarlng in the urlne after intravenous

‘injection of raé1oact1ve adrenaline in the rat established

“
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that-approximately 70% of circulating adrenaline initially
undergoes ijethylatfbn rather.thanideamiﬁatidn.(}l).
Cifcu%ating noradrenaline is also metabolized predominantly
by COMT (11). It should.be noted, however, that information
obtained from the study of infused catgcholamines is
aﬁplicablg, in the physiologic seﬁse, only to amines which are
nofmally released into the bloodstream, as from the adrenal
gland. Since mbést noradrenaline is released directly into
‘individual fisSues from the sympathetic nerve endings (87),
‘gonsiderable metabolism of this amine may occur before it
ever reaches the circulation. In this respect, Crout et al.
(62) demonstrated that endogenous noradrenaline accumulates
in the brain and heart of the rat ﬁfter administration of an
MAO inhibitor. On the other hand, a COMT inhibitor did not
broduce phis effect.‘ Crout et al. (62) also observed that
the liver was by far the richest source of COMT in the rat,
énd that O-methylating activity in this organ greatly exceeds
that ‘of monoamine oxidase. It was therefore suggésted by
' these investigators that while COMT is of greater éignifiéance
in the liver, monoamine oiidasé'plays the greater roie in

the initial mefaboliém of catecholamines in the brain and
-hgart of the rat.

| The relatively high levels of monoamine oxidase activity
in the liver would suggest a protective function in the

degradation of dietary amines. In 1966, it was suggested by
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Fischer and his co-workers that thyroid MAO may be a signifi-
cant source of thyroidal hydrogen peroxide, and may play a
" role inmiqdothryronin synfhesis. '

In 1967, Gorkin and Orekhovitch (113) reported another
interesting observation on a possible new physiological role
for MAO. The effects of the products of oxidative &éamination
of tyramine catalyzed by rat livef mitochondrial MAO on the
oxidation of succinate in mitochondrial fragments supgested
a possiple'participation of MAO in the.regulation of tisspe
respiration. They observed a correlation’betwéen the
ghemicél structure of monoamines and inhibition of succinate -
dehydrogenase activity after the incubation of monoamines
with mitochiondria. Thus inhibition of succinate déhydrogenase
was much more pronéunced in mitochondria pre-incubated with
tyramine and dopamine than with phenylethylamine. Pre-
treatment of mitochondria with poweffulqMAO inhibitors, e.g.,
Vpargyline, completely prevented the inhibition of succinate
dehydrogenase activity by all amines except dopamine when used
in '"saturating" concentrétions. The succinate dehydrogenase
activity was not affected by ammonia, hydrogen peroxide, or
some acids and alcohols (vanillylmandelic and 5-hydroxyindolq:
acetic acids and tryptophol). But indoleaéetaldehyde or
p-nitrophénylécetaldehyde inhibited the activity of
mitochondrial succinate dehydrogenase, and these effects were

not prevented by pretreatment of mitochondria with the
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hpnoamine.oxidase inhibitors. These data suggested that the
products of oxidative deamination of moncamines which exerted
fegulatory effects on the activity of mitochohdrial succinate
déhydrogenase are fatty aromatic aldehydes. This céntegt
appears.to be in agreement with Qubsequent.data on the
pharmééolggical.actiuity of the fatty aromatic aldehydes
(240, 265, 266) which_suggest that the monoamine oxidases may
be considered not“only“as.participants in thé detoxification
of neurotransmiiéers but also as enzymes that catalyze the‘
biosyqthesis of‘new-pharmacologically active compounds
‘important for the regulation of other physiological functions

(166).

I.A. 4. Subcellular localization:

With slight modifications in various tissues, in
different species, or under specific metaboliclconditions,
the basic Organization of the mitochondrion has been
considered to consist of two comparfments partitioned by two
membrane systems,-the inner membrane and the outer membrane.
At the present time, more than 100 enzymesiwhich catalyze
reactions not related to oxidative phosphorylation per se
have been assigned sites of localization within this
stfucture. Additions to the list are being continually

reported. It is also well established that at ._least 85% or

more of the proteins comprising the mitochondrion are

synthesized 6n the cytoplasﬁic ribosomes and only a small
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" fraction, 15% or less, by the mitochondrial protein
synthesizing system itself (1261. In the case of MAO, 70-85%
6f the total activity in adult rat liver homogenates
sediments with the mitochondria. However, a significant
pgrcentagé-of the -total activity is consistently found in the
microsomal fragtionl(21).

. Evidence has been presented in the literature which

suggests the existence in mitochondria of a multipiicity of

enzymes or forms of the enzyme that oxidize various monocamines

(112, 251,‘ 295, 358). Greenawalt's studies on the mitochondrial

localization of MAO indicgﬁe—rﬁat‘kynuramine oxidase activity

is about equally distributed inAthe outer membrane and inner
membrane plus matrix fractions, whereas the activity
oxidizing other monoamine substrates, e.g., benzylémine,
serotonin, and tyramine was.largely concentrated in the outer

membrane. ' .

Whereas'somé investigators have assigned the localization

of MAO activity to the inner membrane (117) and others (251,

329) have reported résults that may suggest double localiza-

tion of‘ the eng;ﬁb;ih the outer and inner membranes of rat

liver mitochondria, a méjority of ipvestigators assign MAO
activity unequivocally to the outer mitochondrial membrane.

The finding that mitoplasts, also referred to as the inner-

membrane-matrix fraction, can undergo respirafion-dependent

ultrastructural changes and yet retain essentially no MAO

activity, supports the interpretation that MAO is localized

f
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" in the outer membrane of ra£ liver mitochondria (115).
Schnaitman éi al. (265) showed that the release of MAO in
association with small vesicles was correlated with the loss
of the outer membrane from isolated rat liver mitochondria.
The small vesicle .fraction, which could be sedimented only by
high—épeéd centrifugation, contained 'a high percentage ogbthe
total MAO activity of the mitochondrial fraction and exhibited
a greatly increased specific MAO activity. On the other hand,
enzyme markers for the matrikx and inner membrane were largely
absent from thé small vesicle fractioup From these
observations, it was concluded that mitochondrial MAO is
1ocaii;gd on the outer membrane of rat liver mitochondria,
and further, that this enzyme serves as a valid marker for

—

this mitochondrial component.

I.A. §. Multiple forms of mitochondrial monoamine oxidase:

Although the oxidative deamination of monoamines was
once generally considered to be effected by a single enzyme,
evidence has accumulated which seems to suggest the existence

4! e ’
of multiple forms of MAO. Alles and Heegard (2) tested a

by relative rates of oxidation. Werle and Rouver (339)
reported the separation of enzymes from animal sources that
were capable of oxidizing either only aliphatic or only

aromatic monoamines. Hagen and Weiner (119) have reported

-~
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~differences in sﬁbstrate specificity of enzyme from various
species and orgahs in the oxidationvof pharmacologically
active amines. .

Ostwald and Strittmatter (241) observed markedly
different relative rates'of activity with different subStrates
iﬁAvarious tissues of rat énd guinea pig as well as different
Km values in different tissues. Severina and Gorkiﬁ (278)
studied the iﬁfluence'of heafg pH, and cHelating agents 1in
rat mitochondrial MAO activity towards benzylamine and
tyramine.h They reported that with each of these experimental
conditions the MAO activity with one substrate was different
from that observed with the o£her substrate.

Van Woert and Cotzias (333) found the{degree of
"inhibition by various anions, depended on whether tyramine
or serotonin was used as the substrate. Gorkin and his
collaborators (115) reported further evidence of the
selective inhibition of %erotonin in rat liver mitosﬁondria.
Maitre (201) testing the effects of a nonhydraziné MAO
inhibitor, N-methyl-N-2-propynyl-1l-indanamine, found that
this substance inhibited brain MAOQ more than liver MAO when
injected, and as with other inhibitorss the degreelof
inhibition depended on the substrate used in measuring MAQ
activity. This author considered his data as further
evidence that varidus tiésues of the same animal contain

more than a sihgle MAO. Johnston (161) studying the effect
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of clorgyllne found that tyramlne was 1nh1b1ted in a biphasic
manner as the conCentratlon of c]orgyllne was 1ncreased
Johnston interpreted these results as 1nd1cat1ng the presence
of two forms of. MAQ, Hall, Logan, and Parsons(lZO) extended
the observation to a variety of mammalian species and brgans
and concluded that two énzymes are present in the braln of
rat, man, rabblt ox, dog and cat, and alse in the liver of -
rat and man, whereas the MAO from the braiﬁ of the pig and
liver of all specieé examined other than rat. and man, seem to
be homogeneous. Evidence for the existence of several forms
of MAO in the mouse was provided by inhibition and thermal
inactivation studies carried out. by SqulreS(ZQS) Further

R
evidence for the’ existence of multiple forms of MA® in rat

.llver mitochondria was given by Tipton (313)}).

In.view of the ihdirect e;idence provided by the above
investigations, experiments were earried out by various
workers in an attempt to separate the multiple forms of MAO.
MAO is tightly bound to the mltochondrlal membrane (118 293),
therefore, only after successful solubilization“of the enzyme
would it be possible to investigate directly the possible
existence of multiple forms. Kim and D'Ioric k173, 1743
reporeed the first electrophoretic separafion of MAQ activity
on cellulose polyacetate membrane. These authors reported
four bands of MAO activity in homogena&es of rat liver Two

of these bands seem to correspond to the microsomal fractlon

and the other two to the mltochondrlal fraction. Similar
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results were ebtainedlwifh mitochondria isolated froﬁ';at _
brain and kidnef (285). Kim aﬁd D'lorio did not\ﬁiscount the
possibility that these bands could be due to incomplete
solubilization of the enzyme or to association with sub-
particles or membrane debris of different‘sizes, although
soluBilization of the enzyme by detergents or sonicatioﬁ
seems to produce similar results (174). |

Youdim and Sandler (350) and Collins, Youdim and'Sandler
(58) 'working wieh a partially ﬁurified prepafetien of human |
liver and placental mitochondria, and of rat liver mitochondria
observed MAQ acfivity in several bands after polyacrylamide
gel electrophoresis. These investigators demenstrated that
the different bands of act1v1ty isolated from rat liver have
51gn1£1cantly different pHﬂact1v1ty curves, thermostability,
substrate specificity, and susceptibility to inhibitors both

in vitro and in vivo.

‘Partial separation of the MAO activity towards kynuramine

tyramine, and serotonin in liver mitochondria of beef, rat,
and rabbit was reported by Ragland (251). The mitochondria

were solubilized with detergent and separated by chromato-

-

graphy on a Sephadex G-200 column equilibrated with the
same detergent. The recovery of MAO activity applied to. the

column varied from 40 to 80% according to substrates and

Fs

speciee. '
Shih and Eiduson (281) did polyacrylamide gel’electro-

phoresis on chick and hen brain, and obtained several bendsu
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" with some dlfferences in relatlon to age of anlmals and-

substrate specrf1c1ty ‘Multlple forms have since beenL
confirmed for MAO of beef liver (ibg],_ﬁuﬁan ené rat brai#
(56, 359), and rat uterus (57) |

' Slerens and D'Iorio (285) solublllzed rat liver
mitochondrlal MAO'Wlthgdeoxycholate and fractlonated these
activities via gel electrophorebls These‘inVestigators
obtained two fractlons one of which acted on. benzylamlne and
the other on both benzylamlne(gnd serotonin. It was
obeerved that serotonin aetivity is strongly diminished in°~
the presence of deoxycholate. Diaz;Borges and D'lorio (74)
using Lubrol and sonication to solubilize rat liver mitochon
drial MAO followcdby sucrose density gradient centrifugation,
reported at least two dlfferent enzyme activities, one for
serotonin,' and the other for benzylamine and kynuramine.

1.Thejdemohstration“that soluble preparations of monoamine

oxidase;EOu;d be resolved into a number of discrete bands of
enzyme activity by electrophoresis has led to the suggestion
that there are either more than one enzyme or several forms
of the enzyme.

Although these observations have been made in separate
laboratories, the phenomenon of enzyme multiplicity hes not
met with universal acceptance. Since the.number of bands of
activity .varied with solubilization and eleetrophoretic
_methods,used, rhe'view haS‘beeﬁ.put forward that these bands

3

of activity may be artifacts of the gqocedgres empioyed'(lso).
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Comparison of results repqg}ed by various investigatars is
1mp0551ble, since each research group used d]fferent methods
of solublllzatlon and electrophoretlc separatlon

| Tlpton et al. (145, 310§ 312) have shown that the
phosphollpld content of different electrophoretlcally separated
“forms varies and thlS characterlstlc may be responslble for

the apparent mult1pl1c1ty of the enzyme, since the solublllza—

‘tionm procedurc can cause enzyme molecules to be llberated with

© different amounts of membrane lipid material bound to them,

These ﬁorkers haVé_reported that treatment of solubilized
preparations af-thé enzyme with chaptrbpic agents, e.g.,
"stium perchlorate to remove bound lipid material, resulted
. in an MAO preparation which was homogeneous and manifested a
©single band of_electrophoretic activity (145, 317). This o
_ aﬁﬁaa;s to‘implicate lipids as an important modulating
factor, as will be discussed below.
-Hartmaﬁ‘and Udenfriend (135) using immunological
te;Hniquas have shown that the various separable forms of
.bOVine liver mitochondrial MAQ are antigénically identical.
They attributed the differences in electrophoretic mobility
on acrylamide gels to aggregation of the same protein unit
.arlthe presence or absence of detergent. With bovine brain
mitdchondrial MAO, they also observed that the bulk, i.e.,
800, was antlgenlcally identical to liver MAO. The rest of
;the MAO act1v1ty in the crude mitochondrial fractlon however,

did not cross~react‘w1th the -antibody to liver MAO. This
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-Jbraln spec1f1c' MAO was shown to have d1fferent substrate f' -
:afflnlty -and sen51t1v1ty'towards 1nh1b1tors demonstrated by .
'llver or total- braln MAO — ‘:;_-i.;‘“' . B
h As already mentloned above studies wlth membrane bound
‘preparatlons of the enzyme have indlcated that many tlssueS;'
‘contaln two maJor forms of MAQ- act1v1ty that dlffe in thelr
;substrate and 1nh1b1tor spec1f1c1t1es but show little)
l51mllar1ty to- any of the bands of act1v1ty that can be.-'
separated electrophorctlcally from solublllzed preparatlons
of the enzyme In the absence of-any rellable procedure for
the separatlon of these two forms, the main way in which they

have been 1nvest1gated 1nvolves the use of selectlve.

I
¥

1nh1b1tors of the enzyme
A numer of 1rrever51b1e 1nh1b1tors of monoamlne ox1dase
have been shown to 1nh1b1t the act1v1ty of the enzyme towards: -
certaln substrates at con51derab1y lower-concentratlons-than
.are requ1red ‘to 1nh1b1t its act1v1ty towards ‘other substrgtes.
_U51ng tyramine as- substrate, Johnston (161) descrlbed the
stepw1se 1nh1b1t10n by clorgy11ne of mltochondrlal MAO from
the liver and,braln of the.rat dog, rabblt and man. He
de51gnated the fraction 1nh1b1ted by lowest concentratlons
cas fractlon A while the remalnlng fractlon 1nh1b1ted by
much hlgher concentratlons of clorgyllne was called-fraction
B. Hall (120) also 1nvest1gated the effect of clorgyllne on

m1tochondr1a1 MAO'from brain and llver of rat, cat, dog,

rabbit, pig, .ox, and man us1ng_tyram1ne'as ‘substrate, and
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* noted whether 1nh1b1t10n occurred 1n one etep or two steps
JIn studles on dlfferent organs of the mouse,-Squlres (296)
.observed that harmlne, harmaline and ethyl tryptamlne were all

hlghly selectlvo 1nh1b1tors of the same fractlon of MAO l.
,1nh1b1ted by clorgyllne and has referred to them as A 1nh1b1tore.i
On the other hand deprenyl proved to be a hlghly selectlve -
ﬂ- 1nh1b1tor of the B fractlon in the. ‘same mouse organs.. 'Fag. i'
 :11'}g1ves the structures of some of these 1nh1b1tors
7 .f Squlres also observed that. kynuramlne tyramane ’Ana
. tryptamlne belong to a group of amlnes whlch are deamlnated
i;::by both A and B fractlons of ‘MAO in many spec1es _ Slmrlar
.studles by Houslay and Tlpton (147) have shown that 1n rat
h;ollver mltochondrla 'adrenallne and noradrenallne ‘and thelr
'{m O methylated derlvatlves are substrates for the A:form of
the enzyme in addltlon to serotonln, and that phenylethyl-".
"-amlne as well as - benzylamlne is a suhstrate for the B- form

'?\.i;A, 5.'3. Dlstrlbutlon of the ‘A-and B forms of MAO
=

', Studles u51ng tyramlne as the substrate. have shown that

:.'the relatlve proportlons of the two forms Vary w1dely among

lidlfferent'organs of the rat (318); the A- form comprlslng

"pover‘QS- of the total in. spleen, 40” 1n 11ver -55% in braln'
'and only 15% 1n the plneal-gland A number of organs from |
other spec1es 1nclud1ng plg llver‘and braln and ox llver
appear to possess only the B-form of the enzyme as Judgpd by
selectlve inhibition towards tyramlne |

<
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' Since:the A-form of the enzyme is active towards the
amines'fhét afe'normally‘récognized asfbeingVhéufotrahsﬁitters,-
it has*béen suggested that this form might be lécéted in
neuronal tissue, the B?forﬁ”being largely éxtraneuroné1.
. Denervation studies have‘suggésted thaf this may, indeed, be
thé case in the rat pineal gland (110): Howeyer,'similaf
sfudieg with rat vas deferens Have indicated that both forms
:Bf the eﬁzyme are present intraneuronally (158). - Both forms
havé also been found to be associated with mitochondria
prepargd from purified rat brain synaptosomes (242). Their
presenée in isolated hepétocytes (318j would suggest that
both forms of the enzyme can coexist in the same éel; type.
Table 1 shows the distributién of the two forms in a number
of orgaﬁs from the rat. Note that demervation of rat liver
by 6-hydroxy-dopamine treatment doesjnot affeﬁt the A/B ratio, .
.. suggesting that the contribution of neuronal MAO to total
rat liver activity 1s. slight.

I.A. 5. b. Nature of the multiple forms of MAO:

'Unlike the forms of the enzyme separated by elecfrophore-
515, there is good evidence that the two forms that can be
detected by the use of selective inhibitors aré not artefacts
of the method used to prepare the enzyme. The two forms may

~be detected in intact mitochondria and in outer—memb:éne
ﬁreparations derived from them, as well as in crude tissue
homogenates. Evidence has also been prdvided (31, 101, 103,

'353) that differential inhibition of the ‘enzyme occurs after-
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Table 1

The distribution of the two major species of monamine oxidase

[From Houslay and Tipton (150)].

Sﬁecies A Activity

(Pertent of total)

Species B Activity
(Percent of total)

0 SN
Liver 40 60 :
Liver Parenchymal Cells ) 50 50
Denervated Liver 40 60
Kidney 70 30
Intestine ’ 70 30
Intestinal Mucosa 60-70 | 30-40
Spleen, | 95§ 5
Lung 50 "~ 50
Testis 90 10
Brain 55 45
Superior Cervical Ganglia 90 10
Pineal Gland 15 85
Denervated Pineal Gland 5 95
Vas Deferens .50 50
Denervated Vas Deferens 35 65




'1n vivo admlnlstratlbn'of inhibitors.

The molecular and structural basis for MAO mu1t1p11c1ty
appears to require further clar1f1cat10n Are these enzyme
forms distinct proteins, ‘or are they variably modlflable
sites‘on'the same molecule? Are they different conformational
forms of the same enzymes?.'Or are they the same enzyme in
different chemical environments?

U51ng immunological techniques, Hartmann addressed‘
himself to the problem of whether or not the multlple forms
of MAO are distinct enzyme proteins (135) As discussed in
section I.A. 5, he identified two types of MAO act1v1ty in
beef brain. McCauley dnd Racker subsequently (214) carrled
outla similar study on beef brain enzyme, and claimed that
the immﬁno-precipitated fractionicorresponded to Type B enzyme,
whereas the resistaﬂt fraction corresponded to Type A, an
identification which is difficult to justify since both
preparations were acfive towards bpnzylamine. Ydudim‘(SSG)
showed that MAO_from rat liver and brain both cross-reacted
with anfibody.prepared to- the liver enzyme, but‘immunol
f'diffusioﬁ-studies-detected two bands with different diffusion
-rétes.'_WHeﬁher.these bands represented distinct‘proteins,
or.armddific;tiﬁn of diffusion rates b& the binding of lipid'
material'ié unclear at.present. | ' |

.Thé félatioﬂship between the two fdrms-of MAO tHat are
distinguishable through'the use.of sélective inhibitors and

the bands of activity that can be separated electrophoretically
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is hot'elearveut. A study of the ihhibition of the latter.
rforms by clorgyllne and bargyllne falled to reveal any 51mple
correlatlon between thelr inhibitor sen51t1v1t1es and the
: propertles of crude preparations of. the enzyme (59) The -
1dea that the isoenzymes of MAO could be due to the blndlqg
- of varylng amounts of membrane materlal to a 51ngle enzyme
was flrst ‘advanced by Veryovklna ct _L (335),- In nrder
to 1nvest1gate this p0531b111t}, thc phosphollp d content
of electrophoretlcally separated.bands-of rat liver MAO wereb
1nvest1gated by Tlpton (145, 310)' demonstrated that the
electrophoretlcally separated forms from rat 11ver "MAO
d;ffered con51derab1y in their phosphollptd cohtent, and_:
suggested that these forms could be artefacts of either the
"purification or of the electfophoteticibfocedufe'itself.
‘Similar differences have since been shownﬁwith the electro-
phoretically separated forms from beef adrenal medulla iad
cat brain (322); |

Differences in thermal stability has been used to
support the idea of-the eXiBtence of multiple ‘forms of MAO.
‘The thermal stabilitylof the‘enzfme.has\been shown'to be
dependent on the nature of the substrate used to assay the
enayme (296, 352,.361). Exposure of mitochondria to
density gradient centrifugation caused cohsidefable
alterations in these differential thermal stabilities as a

result of different degrees of protection by mitochondrial

lipids. Solubilized preparations of the enzyme have been
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found to be less tehpefature stable than membraneibound
preparations, and Oreland and Ekstedt (237) have shown that
fhe binding of lipid material.to a solubilized pig liver
eénzyme preparation increases its stability. Houslay (145)
 has‘a1s0 shown that differeﬁces in thermal stabilities could
be eliminated by treatments which reduced the lipid content .
of the enzyme. | | .

Tipton and his colleagues (319) have also investigated
the bossibility that the membrane-bound enzymé exists in
states of aggregation that were different. for the two enzyme
forms. Solubilized preparations of the enzyme from rat liver
have a molecular weight of 300,000 - AQ0,000 as determined by
gel filfratioﬁ, bﬁt the minimum functionallmolecular weight
of the enzyme from a number of sources appears to be 100,000'—
150,000. The moleculér.beight of forms A and B as determined
by the irradiation technique employed by Tipton et al. (319)
were both 300,000, indicating‘that neither of the membrane-
bound forms differed in molecular weight from the solubilized
preparation of the enzyme.

Dennick and Mayer-(7l) prepared a purified solubilized
enzyme from rat liver which they showed to be a homogeneaus
protein which corresponded to the B-form of the enzyme.
Antibodies to this material precipitated enzyme activities
towards benzylamine and serotonin'simultaneously; indicafing
thé immunological identity of the two'forms of the enzyme
from this source. This finding is in agreement with studies

r
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of Chau and.Hackenbrbck (154) who showed tﬁét antibodies to
the enzyme from this source w;uld‘react with all-the activity
of rat liver mitochondria although, they postulate,.a
proportion of the eniyme was protected from the anfibodies in
intact mitochondria by being bound to the }nner-surfaée of the
mitochondrial outer membrane. |
C;“‘The studies involving soluble preparations of the enzyme
from rat 1iver and human brain, in which chaotroplc agents had
abolished electrophoretlc multiplicity, dlfferent thermal
stabilities towards different substrates,.and selectlve
effects of inhibitors, suggest that the multiple enzyme forms
reported in the literature may be the result of héving '
_ different amounts or types of membrane material bound to them.
Chaotropic agents are known tolbe_;apéble of weakening-
.hydrophobid bonds, thus freeing protein from association with
-iipid material. The above results have been interpreted_as
indicating that the apparent multiplicity of the enzyme is a
. result of the binding of a single enzyme in different membrane
environments. This model also suggests that the_reported
differences in the specificities of the A and E forms éf the
enzyme from different §pecies ﬁay reflect differences in
mitochoﬂdrial lipid composition.

Houslay and Tipton's (145) cohcept of’é-éingle kind of
active site, which is influenced by its. llpld enV1ronment to

~assume A or B propertles differs from White and Glassman s

concept of a single molecular entity contalnlng multlple-MAO
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sites. Gel filtration of solubilized human. brain and liver-
MAO by these investigatofs gave. patterns of activity similar
ito_those repdrted by other workers\(145, 222, 282). However,
no separation of substrate selective'activities was achigved
even in the presénce.of 0.05M sodium .dodecyl sulfate. Their
results impiy that if separaté forms exist these‘wopld be.S%
similar molecular siées 'Similariy, isoeclectric focussing
which separates protein molecules -on the basis of net-charge
iﬁ a pH gradient also failed“td separate substrate-selectiﬁe
activities. |
White and'Glassman gonfend fhat if the.A and B sites:

occur on different molecular forms of MAOQ, ;t should be.-
possible to.achieve a physical separation of these activ;ties,
and failure to achieve this separatioﬁ would indicate that
- the different MAO sites could be.part of the samé‘molecular
_éomplex. Furthermore, they contend that if ;herg was only.
one active .site, it should be possible tb demonstrate
interconversion of substratembinding‘sites,‘at least under;
some conditions. fhis has not been achieved‘by‘White and
Glassman and othef workers (80). Also, previou§ substrate
'competition‘experiments by White and Wu (346), and Km .
determinagions by Whité and Glassman (334) uﬁing MAO which
has been selectively inhibited by low coﬂcentfations_éf
clorgyline or deprenyl seem to provide eviden?e for ‘at 1§ést
tﬁo independent substrate Binding sites for MAO of human

brain and- liver. Assuming. that such multiple sites are
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present, their lipid environment "in the mitochondrial membrane

may, however still regulate the relative activities of A and
B forms of the enzyme observed in various organs. (79)
Although the -issue of the molecular -and structural basis
for MAO mult1p11c1ty remalns a matter of considerable
speeulatlon, it is noteworthy that several 1nvest1gatore
have been able to identify the two MAO forms iﬂ'EiEé- Yang
“and Neff (353) have demonstrateo'thatfintravenoue admlﬂlstration o
of clorgyline to rats lnduced an elevation in the brain of
pteferred eubstfates for type A entyme; while injection of
deprenyl slowed the btain metabolism Of‘phenylethylamine; a
'preferreo substrate'of type B enZyme- Fuller (101) observed
substrate selectlve inhibition of phenylethylamlne and N
tryptamlne ox1dat10n in mouse brain and ‘heart follow1ng
i.p. admlnlstratlon of the lnhlbltors pargy11ne or Lllly
§1641.. Other lnvestlgators haue also demonstrated the.
ex1stence of two species in the intact perfused lungs of

rabbit (259)_and rat (14).

- 1. A 6. P_X51olog1cal control

Informatlon on the phy51olog1cal control of MAQ
act1v1ty has been obtained by measurlng enzyme act1v1ty
durlng'varlous phases of the life of a normal animal. The
studies have been carried out in different species, e.g.,
rats, mioe, guinea pig, rabbits, cats, and the pig. This‘

discussion will be restricted to studies concerning the rat
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or mouse.

v

I.A. 6a. Hormonal regulation of monoamine oxidase activity:

Fluctuations in MAO activity during. the estrus cycle in

. . \.J
various tissues of the rat are well documerited. Southgate

(294) reported a fall in uterine and llver MAO after estrogen

treatment. The reductlon in llver enzyme act1v1ty is in.

agreement‘with the data reported by Wurtman'and'Axelrod,(349){

Holzbauer and Youdim (140) observed that in three braln

reglons and the uterus, ovaries, and adrenal glands,_the

lowest values -for MAO act1v1ty OCLUTred in late estrus and the

e hlghest values in pro estrus. Cavanaugh and Zeller (42)_made.

51m11ar observatlons 1n mouse liver. Estrogen was also

1mp11cated in the regulatlon of central nervous system MAO

Aby worh done by Luine et al. (197) who observed that 1n.a

number of braln reglons examined in the Trat, only the

~hypothalamus and amygdala, two regions which contain estrogen -

receptors, show changes in MAO activity
It appears that the extent of any. changes observed
depended on the substrate used. For 1nstance, Holzbauer

(141) observed that with dopamine as substrate progesterone

‘produces a greater increase of act1V1ty than with any other

amine, but no 51gn1£1cant decrease was seen after 17 B-estra-

_dlol treatment MAO act1v1ty towards serotonln.wﬁﬁ not

affected by either hormone. Similar observatlons were .y

reported by Southgate who observed a larger rise in rat

™\
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uterlne.MAO actlvlty after progesterone treatment when dopamlne_
‘was used as substrate than when tyramlne was used and a
decrease 1n uterlne act1V1ty towards benzylamlne was observed
after estrogen treatment but no change 1n act1v1ty towards
dopamlne ' B . " |
Adrenocortloal ster01ds can suppress MAO act1v1ty
Avaklan and Calllngham (10) reported an 1ncrease in cardiac
MAO act1v1ty whlch could be antagonrzed by cortlcoster01ds'
Parvez and Parvez (245) made a 51mllar observatlon on brarn B
MAO act1v1ty ; L fpV_ | -

o Another endocrlne gland whlch can alter MAO act1v1ty is
the thyr01d Okamoto (232) found that the act1v1ty of several
enzymes located in the outer membtane of 11ver m1tochondr1a
was decreased.to the same extent in thyroxrne treated animals.

Utley (331) observed an 1ncrease in cardlac MAO act1v1ty and

a decrease in' liver MAOQ act1v1ty in. hyperthyrord animals when

'tyramlne was used .as the substrate. Tong and D'Iorlo (323)

o

reported that the effect of thyrox1ne on cardlac and .liver
MAO actlvlty 1n young,hyperthyrord rats depended on the

substrate used Ho- Van Hap et al (152) have demonstrated

that the act1v1ty of monoamlne ox1dase varled wrth the age

and sex of the anlmals used in thelr experlments

I A, 6b Ontogenetlc development of monoamine - oxldase act1v1ty

“

Holzbauer and Youdlm (141) reported a- steep 1ncrease in

MAO act1v1ty towards dopamlne, tyram1ne and kynuramlne in
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liver and various brain’regioﬁs.of male Wistar rats dufing
the first one to two ﬁonths df life. In contrast cardlac MAO
activity 1ncreased slowly. durlng the first month, followed by
a steep rise which did not ‘reach ‘maximal activity even after
four months; Cailingham and Lfles (40} studied MAO activity
‘in the growing heert and observed that in the young rat

(30 60 g) type B MAO was predomlnant whereas in the older
'{gt (300-400 g), type A predo?inated (up to 70%).

Holzbauer end Youdim - (141) also studied the deamination
of, tryptamine and serotoﬁin in male Wistar rets in_the first
three weeks following birth. 1In the brain, with tryptamine
as substrate, -a fall instead of e‘rise in ehzyﬁe activiey was
observed. In_contrast, tryptamine deémination by the liver
increased with age.. With'serqtonin as substrete;)there was
a steep fall in enzyme activity, during the first 20 days,
in 11vers hearts and bralnustrlata and hypothalami. Slmllar‘
results were reported~by Bourgoin et al. for a-group of
Sprague-Dawley rats (35).

From the observations made wifh different 5ubstrates, it
has been suggested that the diffefent forme_of MAO deaminating
various monoamines develop separately (165). 'Howevef, the
observations made+in the above studies mey also be a
consequence'of differences in the rate of development of
so-called allotopic factors Wthh influence the act1v1ty of

the enzyme towards a glven amlne
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Jourdlklan and hlS aSSOC1ates (165) studled the
develophent of MAO-act1v1t1es towards serotonln and p dimethyl-
‘am1no benzylamlne in mice of the HS stra1n These workers x
observed that the serotonln deamlnatlng act1v1ty reached.adult
levels. by 5 days after blrth -These results are 51mllar to |
those prev1ously reported by Baker et al (13) in mouse bra1n
On the other hand Jourdlklan observed that the dlmethylamlno-
benzylamlne deamlnatlng act1v1ty was only 50% of adult values
at 15 days and did not develop fully unt11 the 45th postnatal
day. These authors postulate .that’ the observed dlfferences‘
in rats of. development of two forms of MAO may reflect the
presence of two dlfferent proteln m01et1es which accumulate

at different t1mes_dpring brain development, or the development
g ; g

of phospholipid coﬁbonents of the braih.

I.B. The regulation of monoamine oxidase by-membrane 1ipids

quloglcal membranes are, crganlzed assemb11es con51st1ng
ma1nly of proteins andfllo;ds Depending on the source the
welght ratio of protein to. lipid in most membranes ranges .
from l 4 to 4:1 (305). Spec1f1c proteins mediate QistihctiVe
membrane functions they serve as pumps, gates, energy'
. transducers, receptors, and enzymes. Membrane lipidst
through their effect on membrane flu1d1ty, or via dlrght
1nteract1on w1th these protelns create a sultable environment

ot . .
for their action. In the case of enzymes, the lipid may

function in the solubilization of a non-polar or amphipathic
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snbstrate ox the amphlpathlc enzyme proteln 1tse1f }he
mot10na1 state of the lipid phase will then determlne the
rotational and lateral dlffu51on rates of the solublllzed
'proteln, and probably, 1ts abrllty to undergo conformat10na1 :
changes ' | |
In an1ma1 cell membranes phosphollplds glycollplds
‘and cholesterol comprise the 11p1d phase (267). However, in

some membranes, and partlcularly in membranes of Cytoplasmic

. organelles in mammalian cells, the contrlbutlon of glycollpldS‘

and’ cholesterol is very small (90). Tlssue phosphollplds on
the other hand constltute a substant1a1 component of all
membranes that have been 1nvest1gated (90), and are, in fact
-located malnly in the cell membrane where they contribute to
both structure and functlon.

Monbamine oxidase has been:shown to be firmly. bound to.
the outer membrane of the mltochondrlgn//117 273) The ”
membrane env1ronment mlght be expected to convey certaln
allotoplc properties on the bound enzyme (148, 335). As cited
in section-I.A..S,'work‘done by somehinvestigators (145, 310)
suggest that the act1v1ty of this enzyme may be regulated by
1ts 11p1d environment in the membrane.

'The basic organrzatlon of the mltochondrionlconsists of
two_compartments partitioned.by a two membranefsystem - the
inner membrane invaginated to form cristae, and the outer
membrane. Observatlons of freeze- fractured mltochondrlal
membranes lndlcates that the 'fluid mosaic model! proposed by
‘Singerdand.Nicolson:(287)-is applicable to mitochondrial membranes

]



m'(336) This model suggests that membraneq are two- dlmen51ona1
_ solutlons of orlented globular protelns and lipids (Fig. 4),
and that the essential structural repeating unit is the phos-

pholipid molecule in a‘biléyer‘arréngement. The other mhjor

features 'of the model are:
l;. The 1ipid bilayer fulfills a dual role: it is é solveﬁt for
integral membrane protein, and it is also a permeability
“barrier. |
2. A.number of membrane 1ipids:interact specifically with
partiéular'ﬁembrane proteins and may be essential for
-their function. | |
3. 'Membfanesare dynamic structures in wﬁich proteiﬁs and
1ipias diffuse rapidly in the plane of the membrane,‘unléss
restricted by speciallinte;actions. -
The proieins of membranes ;mount to a major proportionr
-of the total cell protein.so that membranés form the main site
of phospholipid~protein interaction in biological systems.
Proteins may ‘be 1nserted into the predomlnantly phospholipid
bilayer in ‘a seemlngly random fashion. Some proteins are
localized at one or the other of the two surfaces of the lipid
bilayer; other proteins may péss from one side of the membrane
to the other; and still -others may be imbedded in the hydro-
‘phobic matrix. Superimposed upon’this mosaic structure, a
variety of peripheral proteins may be loosely associated with
the mngrane as a result of the interactions with integral

protein or with lipid constituents (cf£. Fig. 4). Although
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Fig. 4. THE FLUID MOSAIC MODEL OF MEMBRANE. A
AND B,INTRINSIC OR INTEGRAL PROTEINS (SPANNING);
C,INTRINSIC, INVARDLY EXPOSED PROTEIN; D, INTRIN-

SIC, OUTWARDLY EXPOSED PROTEIN; E, EXTRINSIC OR
PERIPHERAL PROTEIN. [FROM VIGNAIS (336)]
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most of the membrane phospholipids are in thelbilarer'errsy,
- a considerable number may be claosely associeted with integral
membrane proteins (267) There is, no 'direct ev1dence tgat
lipid molecules are homogeneously distributed in membranes
(90). Indeed, the observation that the stability and activity
of many enzymes‘tSQ, 90, 207,.277)-dependdon lipid association
'appéars to indicate that there-may be specific localization of
some lipid components in relation to their interaction with
protein. |

Some membranes proteins can be diSSociated from the rest
of the membrane by relatlvely mild- means such as ettractlon
by a solution of high ionic strength, _ In contrast, other
membrane proteins are bound more tenaciously and can be
Separated only by using a detergent, a chaotropic agent, or
an organic solvent, Thds'drfference in the ease of |
dissociation has been used by some investigators (267) to
distinguish peripheral proteins from integral proteins. f .
Since peripheral proteins can be dissociated by the addition
of salts, it is inferred that they are bound to the surface
-of the membranes by electrostatic and ﬂydrogen-bond
interactions. Iﬁ*EEﬁTTast, it 15 presumed that integral
proteins’ 1nteract to a large extent with the hydrocarbon
chain of membrane lipids because they are solubilized by
detergents whlch could compete for these non-polar inter-

actions.
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-Monoamine oxidase is firmly bound to,the'membrane and
cannot be extracted into aduebus media (111), unless uée is
made of detergénfs (85, 108,'362) or sbniéation, freezing,
and thawing (314) . The finding that the énéyme can be
renﬁéred solgble after extraction with orgaﬁic solveht-(139)'
indicates thaf.it.intefacts with membrane phospholipids. . In
this cbnnection, as ‘has been cited earlier (cf, section
I.A. 5.b.} Tipton (145, 31q, 317; 322) has demonstrated that
the electrophoretically separated forms of rat 1ivef MAO
differed considérably in théir phospholipid content, and
treatment of solubilized préparatidns with’'a chaotropic

agent, which removes bound lipid material, results in a 1055
of multiple forms and release& é single band of electrophoretic
activity which did not respond in a biphasic manner to &
. selective inhibitofs; .Ekstedt and \Oreland (80) treatea rat
liver mitochondria with aqueous methyi ethyl ketone-which
removed about 90% of the phospholipids,awifhéut liberation of
the enzyme. After extraction, only 7% of the serotonin-
oxidizing actifity (from~A MAQ) -and 80% of the B-phenylethyl-
amine-oxidizing activity tform-B MAQ) were recovered, These
~findings would suggest that MAO does exhibit functionally
important interactions with membrane phospholipids.

breland and Olivecrona (238) extracfed pig liver mito;
chondria with methyl ethyl ketone in the pregénce of 0.05M
ammdﬁium sulfate, This treatment preferentially extracted acidic

phospholipids, and resulted in the liberation of a substantial
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amount of enzyme into buffer, The amount of enzyme rémaining
inwthe lipiq-depleted residue ﬁas observed to correlate with
the amount of acidic phospholipids.remaining oh the mitochon-
drial residues. If has been suggested (66, 116) that the
acidiclphospholipids‘in mitochondria are involved in both
ionic and noniohic interactions with mitochondrial proteins.
This %uggéstion seems toibe supported bf the requirement for
ammonium salt which would decrease the strength of ionic
interactions between the acidic phosphplipids-and the proteins
and allow the organic'soivent to.éxtracf these phospholipids
efficiently by breaking their nonionic interactions with the
pro eiﬁs (238)l Oreiand and piivgcrona's obServatiéns
suggest that the charged ﬁarts o£§the énzyme'moletulé
‘interact electrostaticaily with ﬁhe negative polar heads:oh
the acidic phospholipids andffhét other parts of thé'enzyme
moleﬁule interact_nonio§ically with fhé bydfophobi; parts of -
phospholipids. The above evidehde is in favor of the-view
that MAO is an integrél_membrane protein.

However, Singer (286) classifies monoamine oxidase as a
peripheral protein based on the_obsérvations made by Erwin
and Heilerman (85) that the beef kidney enzyme could be
released from the membrane by diéitonin, and that the
purifiéd énzyme was not inhibited by phospholipase A.
Digitonin is known to interact with cholestefol on the outer

mitochondrial membrane (273) and it can be argued therefore
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that digitonin may have acted as a hydrophobic bond-breaking

agent in the enzyme solubilization process. Further,
resistance to the action of phospholipase A does not always
constitute adequate evidence for the absence of direct’

phospholipidﬁdependence For instance, treatment of E. coli

membranes with phospholipases dld not reduce the act1V1ty of
a membrane-bound ATPase (247), because the amount of llpid
remaining in the'membrane was sufficient fo sustein activity.
MoreoVer;‘Erwin and Hellerman detected digitonin in ehe
purified enzyme sample, and did not rule out the pessibility'
that the re51dual digitonin may have fulfilled a nonspec1f1c
lipid, requirement for enzyme act1v1ty i

The activity of membrane-bound enzymes'has frequently .
‘been associated to thegf}uidity of the membrane.(ZSZJ. As
cited ‘earlier, in the filuid mosaic model, the predominantly
phospholipid matrix constitutes a '"solvent" for integral ;_
proteins. The flu1d1ty of this matrix- depends on the ‘chemical
nature -of the phOSphOllpldS, i.e., the polar head groups, and
in large part, the fatty acid chains. The fatty acyl ghgins
in bilafer nembranes can exist in an ordered rigid state or
in a relatively disordered fluid state. The tran51t10n from -
the rigid- to the flu1d state occurs as the temperature is
raised above a characteristic 'melting' temperaeure (Tt).
This temperature depends on the length'of the fatty acyl
‘chains and on their degree of unsafuretions” The rigid state

is favored by the ﬁresence of saturated fatty acyl residues.



which, because of their straight hydrocarbon chains; can
interact very favorably with eaéhLother. On the otﬁer hand,
a cis double bond produces ; bend in the‘hydfocarbon ;haiﬂ,
which interferes with the optimal packiﬁg‘of fatty acyl
chains. Furthermore, a cis double bond enhances rotation
about the'carbon-cafbon singie bonds on either side. An
unsa%urated fafty acid chain is therefore, intrinsically more
flexib1e1£han.a saturated one. This effect.is enhanced by
the.presence of more than-oné double bond.

The length of‘phe fatty acid chain also affects memgfane
fluidity. Long hydrocarbon chains ‘interact more stronély
thaﬁ do short oneé. Specifically, each additional methylene
group makes a favorablé contribution of about -O;S Kcal/mo}
to.the free energy of interaction of two adjacent hydrocarbon
chaiqs (305). |

fn‘living cells, the Tt of membfane lipids is usual;y
lower than the physiologicai temperatures (234). Below the
T, thé'phospholipids are in a gel-like ordered structure with
the hydrocarbon chains lying parallel, Elosely packed and
fully extended. When the temperature is increased in the
region of Tt’ hindered rotation is possible around the .C-C
bonds giving rise to transgauché rotational isomers or kinks

(275). ‘Highly mobile kinks are formed at the order-to-fluid
‘transition éf the lipid phase oﬁserved at Tt‘ This

endothermic process, also called ”chaiﬂ¥melting”, is
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accompanied by shortening‘of the chains producing a reddction
of bi;ayer thickness and_a lateral expansion of the bilayer,
In a hererogeneous systén such as a real biological menbrane,
the transition from the rigid ro the fluid‘'state is spread
over a range ofntemperatures (234). Within the temperature
range, there,is a coexistence of'rigid and fluid regions
tng) accompanied by a lateral compressibility of the
phospholipid bilayer. 7

| Factors other than changes of remperature-can also
produce structural changes Since'the‘density of packing of
hydrocarbon chains varies with the relatlve arrangement of
polar groups, factors whlch modify polar group <interactions
could lead to changes in chain packlng, and hence in the

tran51t10n temperature It has 1ndeed been repOrted (129

324, 334) that changes in pH, ionic strength,.concentratlon

of divalent cations,:or interactions with basic proteins able.

to bind the negative charges of the head groups, can alter

T,. ?

t
Thaf'ehanges in the activity ofimembrane—boundienzymes

, . \ .
can be associated with thermal transitions is well documented
in the literature. Breaks in .the Arrhenius plot of ATPase
activity of §. cerevisiae, for example, were observed at the
temperature producing a phase transitio in the extracted
mitechondrialfpheSpholipids'(lQS). Thé activity of the
succinate exidase of mitOchondria from the livers oferat,

rabbit and guinea pig'showed a discontinuity in the Arrhenius
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plot with'an inérease in Ea at 23°C f253), In most cases, the
temperature at which thg cﬁange iﬁ slope occurs is determined
by the fatty acid composition of the biomembrane (299) and

%he break in kinetics occurs within the temperature range
Eircumécribed by fhe bulk phase transition defined by
calorimetry (299), | !

Since phosph§lipiﬁs accoﬁnt for over three quarters of
the total lipid content of mitochondfia andxare respoﬁsible
Hin large part for the internal mobility of these membranes,
these lipids are assigned an important regulatory role fd;
thé activity of mémbrane—bound eniymesi(262). Membrane--
bound enzymes can be viewed-as structural elemeﬁts in an
array Ofithese molecules which make up'the fluid mosaic
membrane. JIn some cases, phospﬁolipids can hring about
'confofﬁational'changes in-protéin which lead to inéreased'.
enzyme activity as shown in B-hydroxybutyrate dehydrogenase
(93). | .
Quite often membrén¢~bound enzymes require specific
phospholipids for maximai activity (260, 261, 272)._'In fact,
at times, the interaction between the protein and phosphqliﬁid
may require a specific fatty:aéid chain or a particular polar
head group (167, 263, 272). The sugar specific phospho-
transferases of E. coli membranes; for example, exhibit an
absolute requirement for phosphatidyl glycerol (1815, while
other E. coli phospholipids have little or no activating

' potential. Guinea-pig kidney Na+,K+-ATPase\is stimulated by

i
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the addltlon of sonlcated anionic liposomes of single purified.
phOSphOllpldS, e.g. phosphatldylserlne, phosphatidylinositol,
.and.cardiolipin Mltpchondrlal D(-)B- hydroxybutyrlc acid
dehydrogenase has an absolute spec1f1c1ty for lecithin and
1s not actlvated by other phOSphOllpldS (167). |

The degree of unsaturatlon of the fatty acyl m01ety in
" mitochondrial phospholipids has also been reported to affect
the degree of activation of phospholipid-dependent membrane—
associated ehzymes ‘For instance, optlmal actlvatlon of .
mitochondrial D(I)B hydroxybutyrlc acid dehydrogenase occurs
"w1th an acyl unsaturated lecithin, whereas only part1a1
activation is achleved with totally.saturated 1e01th1ns such

as dimyristoyllécithin (167) ~.~hn the case of the E. coli

membrane enzyme which transﬁers galactose from UDP~galactose
" to galactose-deficient llpopolysaccharlde synthefic dioleyl
phosphatldylethanolamlne is a potent actlvator whereas
dipalmitoyl phosphatldylethanolamlne is without effect,
Although lipids have been implicated in the activity
and specificity of mitochondrial MAO, the contribution of
membrane llplds in the modulation of mitochondrial MAO
nact1v1ty is st111 a matter of debate and speculatlon Tipton
(310) observed that prolonged dlalysrg of a partlally purified
.Tat liver MAO preparation agalnst Tgiton X- 100 as.well as'
.treatment of the enzyme with phosphollpase A resulted in
loss of activity. 'Naoi and Yagi (224) have reporfed that

after subjecting-beef Heart mitochondrial -MAO to lipid-
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depletlon by'treatment wrth sod1um perchlorate enzymatic
act1v1ty was reduced . the decrease in benzylamlne ox1d121né
;'act1v1ty belng more remarkable than that towards serotonln
2The activity was partly restored by 1ncorporat10n of the
enzyme into llposomes composed of phosphat1dylchol1ne As
c1ted earller, Ekstedt and Oreland (80), . extractlng rat llver'
mltochondrla w1th aqueous methyl ethyl ketone, found that
about 80% of the B- phenylethylamlne ox1d121ng act1v1ty was
retalned by the ketone extracted mltochondrla whereas only
-of the serotonln spec1f1c act1V1ty was - recovered after

' ertractlon In further experlments by these .authors 1n ‘which
p mltochondrla were labelled with .the 1rrever51ble MAQ 1nh1b1tor
;fl C)- pargyllne and then extracted with- aqueous methyl ethyl
5-ket0ne - the major part of the rad10act1v1ty was recovered 1n
:Tthe lipid- depleted res1due and less than 10 percent was found
in“the ketone extract . This. excluded the p0551b111ty that the
decrease in act;v1ty prev1ously observed was due to extractlon
of the enzyme 1“to the solvent, and, suggested that the enzyme'
s dependent on membrane lipids for 1ts act1V1ty

-It has._been shown in various systems (17 19) that the

".fatty ac1d comp051t10n of blologlcal membranes can be altered

by changlng dietary 11p1d In this respect,-Century-and

‘Horwitt (43) reported that li;er MAO actlvity was'highest ln
_rats fed 79lcod l1ver 0il or linseed 0il, in comparison with
rats fed beef fat | Kandaswam1 and D'IOTlO (169) reported a

fdecrease in act1v1ty of 11ver MAQ in rats fed fat free diets.
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Bersohn and Spitz (30) have also reported a 57% decrease in

s Pad . L .. ’ - ' .
© . brain MAO activity in lipid-deprived rats. These two groups

claim a recovery of activity on supplementation of the diet

- .with essential fatty acids.

" Aithal et al. (1), however, contend that MAO is not

-directly dependénf on membrane lipids for the manifestation

of its full activity. These authors claim to have detected

MAO activity in rat liver outer mitochondrial membrane only

.&affer the preparation had been treated with Triton X-100.

' This preparation was found not to undergo diphasic Arrhenius

kinetics, a rationale used by‘Raison_(ZSS) to classify MAO

as a peripheral proteiﬁ, It islpertinent, perhaps, to
recall:at'this point, that detergents like Triton X-100 .
disruﬁf membrane lipid-protein interaction {330), and may

have been the cause for the failure to detect discontinuities

in the -Arrhenius plot of detergent-treated liver MAO.

A'From the above, it appears,that the role of 1iﬁids in
‘the-regulation of MAQ activity iﬁvites further investigation.
In this tontext, the ob/ob mouse, with its reported membrane-
1reiéted defects (37, 95, 153, 168)'seems to be an excellent

model for the study.

1.C. The obese-hyperglycemic mouse:

The evidence that thé multiple forms of the enzyme
monoamine oxidase may result from differences in membrane-

1lipid binding ({cf. séction I.A. 5. b.) suggests that its

C/}vJ
-
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activity in v1vo may be affected by drugs and dlseases that
affect 11p1d metabolism. In thls respect, certaln-features
. of the obese- hyperglycemlc,syndrome make the ob/ob mouse an .

interesting model for MAO studies.

-

1.C. 1. Genetic development: - B A

In 1949, 2 few animals in the V strain at Jackson
Laboratory in Bar Harbor, Malne were observed to be plump:
early in life and tofbecome_markedly obese (up to 90 g) late
in life. Breeding experiments reyealed'that'the obesity
syndrome was caused by a 51ngle autosomal recessive gene
. obese (gene ymbbl ob) (155). The mutation has been trans- )

ferred 1nto‘thewC57BL/6J and CS?BL/KsJ‘strains for studies

involying the effect of inbred?background | The mice used for

'_the experiments descrlbed in thlS the51s are of- the C57BL/6J
strain which is commerc1ally-ava11abie from-the Jackson
.Laboratory. In contfast, to heterozygous obese (ob/+) or’

homozygous lean (+/+) m1ce all homozygous obese mice develop

moderate hyperglycemla marked hyperlnsullnemla, and obe51ty,_‘

coupled w1th hypertrophy and hyperplas1a of the 1slets of .

'Langerhans

I.C.. -~ Time course - for the manlfestlatlon of the obese-

hyperglycemlc syndrome

"The earliest demonstrable defect 1n these mice is a

.decrease in thermogenesrs A fall 1n core” temperature and a

{
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reductlon 1n oxygen consumptlon are apparent as early as 10-18-

' 5.days of age (33 170 326) ThlS 1mpa1red thermogene51s

may account for the 1ncreased fat cell 51ze observed from day
.14 to 20 (162, 171) and the observed 1ncrease 1n body welght
-Shortly-after (17- 21 days),lthere is a small increase 1n
serum 1nsu11n with a consequent hypoglycemla (lSl) While -
“1nsu11n levels rz;;jly increase, there is a gradual tran51t1on

from hypoglycemla hyperglycemla Obe51ty, as 1nd1cated by

o carcass.fat_or Lee index (28‘ 76;'162, 191) is detectable by

;l?—}lfdays, but the anlmals are not v1sually detectable as
-*obese' untll 25-28 days or even later Obe51ty progresses o
untll about 6 months of age at whlch tlme welght galn slows @"7
or stops Hyperglytemla reaches a peak level by 12 weeks of
age (213), whlle elevated levels of c1rculat1ng 1nsu11n S
Jreach a- max1mum by 6 months (341) and- decllne in, very old
anlmals (105) Marked resistance to exogenous 1nsu11n/has

~ been observed 1n these anlmals (213) ‘and develops after

.hyperlnsullnemla becomes eV1dent (38)

o

I1.¢..3. Energy balance:

-._/

' The accumulatlon of ;:?\Jmplles}that energv'lntake '
'-exceeds expendlture The regulatlon of food 1ntake in the

‘ adult ob/ob mouse is abnormal show1ng 1ncomplete compensatlon
of 1ntake in response to d1lut10n of the dlet with 1nd1gest1ble
substances (244) and to qu1n1ne adulteratlon (100) A_number'.‘

'of 1nvest1gators (49 102 191, 244) have reportedkan lncrease
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. in food intake by ob/qb mice which appears to be accompanied
by an increased efficiency of ené?@y‘dtilization (36, 191j.
Such an increase in efficiency may be reiated‘to either an

‘incregse in food energy intake or to a deérease in energy
expenditure, i.e{, defective thermogenesis, reduced physical
activity or decreased heat loss. The hyperphagia alone cannot

- be entirely responsible.for the ekééss energy deposition in
ob/ob mice since caloric restriction, exgrcfée-orXthe
maintenance of a normal body weight through a combination of
these two treatments will prevent adiposity (48, 138).

All reports aérée that there is a reduction in physical
activity of ob/ob mice both during the dynamic postweaning
phase of the obesity and during the more static adult phase
(53, 164,.354). Energy utilization, measured by oxygen
consumption and expresseq on a surface-area basis is decreased
'in adult ob/ob mice (213; 215) ., Body temperature of obese
mice is likewise depressed at ambient temperatures of 20-25°C
(163, 326). As stated earlier, a-decrease in ,body temperature
can already.be detected at 10-14 days of age, pa&&icularly
after brief exposure to a cold environment (309, 326), and
depressed oxygen consumption is demonstrable a few days later.
The inability to thermoregulate results from the lack of
cold-induced thermogenesis and not-frpm the lack of any
‘physigailresponse (64). - A reduction in-energy expénditure on
‘thermoreguiatory processes would lead to an increase in

efficiency of food utilization (38). Hypoactivity, together
k . . .

"
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. with hyperphagia, and a more ¢fficient_utilizationkof ingested

" food results in the storage of excess energy as fat, =

I.C. 4. Lipid metabolism:

Enhanced fatty acid synthesis in the liver_énd adipose
tissue of %b/ob mice has been demonstrated in both in vivo
and in vitro experiments with a number of different isotopes
(7, 8, 9, 82, 131, 194)}. This phenomenon has been related to
‘the increased activity of all.libogenic enzymes iﬁ éhe
adipose tissue and liver (7, 36, 99, 206, 268).

Assimacoupoulos—Jéanhet-EE al. (9) have reported that in
male ob/ob mice, 8 to 11 weeks of age,_basal lipogenesis waé
much higher in 1iversrof ob/oB than in-;hose,of controi!m&ce.
The addition of various substrates resulted in increéses in
lipogenic rates thatkwe?e always greater in ob/ob mice (9).

The increase in heﬁatic lipid content in ob/ob_mice.
results not only from the.incfeaselin hepatic fatty acid
synthesis andaéonsequent esterification, but also fromUthe“:
increased availability of circulating free fatty a;ids (9,
82, 268). This'preférehtial reesterification of ﬁépatic
free fatty acid in'the ob/ob mice re§ults in an.enhanced
secretion of lipoprotéiﬁs into the circulation andla‘rgduced‘
capacity fof the production‘of ketone bodies (82, 300).
ﬁespite this increased secretion of triacylglycerol, plasma

triacylglycerol levels are not markedly increased in ob/ob

mice (268) since there is a compensatory increase in lipo-



=

-51-

~ .
profein lipase .activity in adipose tissue, heart, and skeletal
muscles- (68, 83, 254), As a resulf, triacylgiycerol biosynthesis
in adipose tissue of ob/ob mice is markedly elevated te store
this increased supply of fatty acid (156).

Treatment gFohese mice with either streptozotocin or
anti-insulin serum suppresses both hepafic and adipose tissue lipo--

genesis to close to normal values (193, 194) and incfeased

ketone body production to values found in lean mice (159).

" Thus, these studies suggest that fhe increased 1ipogeneeis in

liver and adlpose t:ssue of obése mice is a response to the
&hronic insulin stlmulatlon to which these tissues are
subjected,
As mentioﬂed‘above in obese mice hepatic ox1dat10n of
free fatty ac1ds to ketone bodies is diminished when compared . ~
with the controls (9, 300). However obese mice adapt to
prolonged fasting by shifting from glucose oxidation to free
fatty acid and ketone body oxidation. Still; even in fasted
animals, lipogenesis is accelerated in the livzr and adipose
tissue of obese mice when eompared-with the controls (18, 20,

212).

I.C. 5. Pathogenesis of the obese-hyperglycemic syndrome:

The manifestation of the obese-hyperglycemic. syndrome in

the ob/ob mouse involves several possible ‘causative factors.

I.C. S5a. Role of the pancreas:

The role of a pancreatic abnormality in obese mice was
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first recognized in morphological studies. fhe obe;e
Lpancreas is characterized by marked hypertrophy aﬁd ﬁyperplagia
of the islets of Langerhans [lOG)f Hyperpiasia of Both o and
B cells have been described in the pancreas of obese mice,
§1@hough the greatest/incrgase occurs iﬁ the number of B,cellg.
The histological changes in the B cell show a great reduction
or complete absence of granules (348),.an énlarged Golgi |
apparatus, large and misshapen mitochondria, and anlenlarged
endop%asmic reticu%gp, all of which suégest enhanced synthe;ic
and secretory'acfivify. , | “ b
As expected on the basis of morphological findings in
thg pancreas, insulin secretion in pbese mice differs from
that of the lean controls. lIn obese mice, plasma insulin-like
activity and plasma immunoreactive insulin are increase&
compared with the controls, both in'the fed and fasted states
(51, 297). Plasma insulin concentrations in obese miée
markedly decrease with fasting but do not return to normal
values even with prolonged starvation [51,'297]. Plasma IRI,
Iike blood glucose concentrations, also changes with the ége
of the mice. Plagma IRI concentrations in 7-month-old obese
mice are fqurltimes those seen in 5 to 6 week old obese mice,
whereas plasma IRI ievelshin lean congrols remain constant
with age (105, 203). The high plasma insulin levels in obese
mice might suggest deéreaséh insulin degradation. However,

there were no differences in insulin degradation rates in

"vitro in liver samples from obese and lean mice; and in

1
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epididymal adipose tissoe homogenates, the insuliﬁ-degrading
activity in obese mice 1s §-fold higher than that_observed‘
in lean anlmals (340, 342).

Numerous 1nvest1gatlons have been done on insulin
secretion in 35339 u51ng isolated pancreata or islet
preparatlons In'5 to 6 week:old mice, insulin output'in
response to. glucose or glucose and theophylllne is twice that
seen in the controls (202). Insulin secretion, however,'is
nof‘oniy Eoufrolled‘by circulatiné metabolifes such as ‘
glucose or amino acids, but is also affected‘by adrenal
COTthOldS growth hormone, and the hypothalamus (36) It
may therefore, be~argued that the hypersecretlon of 1nsu11n
in obese animals does not necessarlly reflect a primary
genetic defect in the pancreas. A strong case canﬁoe made,
'however, for a major role for the pancreas inith%,&eveIOpment
of the obese- hyperglycemlc syndrome. in the ob/ob mouse. The

nece551ty of increased insulin secretlon for weight galn in

ob/ob mice has been demonstrated by Brosky and

gothetopoulos

(39). The pancreas of the ob/ob mous: esp ds in a unique

manner to certain agents known to affect islet function. ’
Mannoheptulose, an inhibitor of insulin eecretion, appears

’ %ineffective in suppressing iosulin release (142). Caffeine,
an insulin secretagogue, produces.increesed B-cell degranula-
‘tion in ob/ob but not in lean mice (180). The altered islet'

comp051t10n is not remedied by food restrlctlon (213). Data

for the role of the pancreas in the development of the ob/ob
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syndroﬁé has been presented by étrahtz (303, 304), who showed |
that transplantqtioh of either pancréasrbr_isolated'islets
from lean into obese mice prevented further weight gain and
reduced plasma insulin 1evéls to normal, whereas pancreas |
from ob/ob mice traﬁsglantéé into lean mice did not affect
body weight. These observatitns Qould.appear to suggest that
the paﬁcreasldf normal mice releases a factor which inhibits
either directiy or indirectly, insulin-setretion, and éhat
,this factor is absent in obese mice. These data still

await confirmation from other laboratories.

I.C. 5b. Insulin resistance: ) N

\

In- the obese, mouse, hyperansullnemla 1s accompanled by
hyperglycemia, with blood glucose levels rising. above 400 mg/dl'
in animalsAfed ad libitum (341). Both hyperlnsullnemla and
hyperglycemia, which are first evident w1th1n 4 to 5 weeks of
birth, are maintained throughout life, but may decrease in
very.old animals (132). . T -

The high blood glucose concentration could be due to -
elevated glucagon secretiOn.(le)‘and peripheral insulin
resistance. The llack of Tesponse of the gluconeogenic énd:
gly;ogenic.p;tﬁﬁay to insuliﬁ‘both in vivo (179) and in vitro
(276) suggests that decreésed iﬁéuiintéehéitifity iS a
characterlstlc of the obese mouse

Insulin re51stance has been further demonstrated from

studies of‘the effect_of.exogenous‘lnsulln,_from glucose

y
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tolgranqe tests;, and from iﬁv¢5tigation of insulin sensitivity
of'muscie andladiﬁose tisshe._ Stauffacher and His co- workers¢
(298) observed that basal 1ncorporation of glucose into muscle
glycogen and 11p1ds of adlpose tissue was low in lean animals,
but max1mally stimulated by small doses of insulin (300 wU/ml).
In contrast, although basal incorporation of glucose 1nto ob/ob
muscle and adipose tlssue was normal, both tissues were -
.re51stant to the stlmulatory effects of insulin, the dlaphragm

" showing greater resistance than adip

e tissue. These authors
suggested that the preferential resistance of muscle to the
action of insulin would lead to ap/increased conversion of

Some authors (9, 158) obieYved diminished lipogenesis
- in perfused.livers of streptozotocin-treated obese mice, and

'have concluded that 11p1d ‘metabolism of the liver is markedly

'1nf1uenced by 1nsulln This was confirmed by studies in vivo
on lipogenesis in mice treated with ant®-insulin serum (194).

' This conclusion also provides the explanakion for the
distinctly diminished lipdgeneéis in mice during the static
phasé of obesity (156) whén insulin levels Spontaﬁeously

decline (cf. section I.C. 2).

I,C. 5¢c.. Role of adrenals

The adrenals of ob/ob mice are hypertrophled (130},
hypertrophy belng ‘absent in young animals and 1ncrea51ng with

< age. The increased adrenal’ weight results from a distinct
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hapetplasia-of the cortex in- the obese mouse. 'The adrenal
'.hyperactivity of.these animals presumablf results from an
exXcess ACTH,secretion (115), This'may’also reflect an
1ncreased adrenal sen51tiv1ty to ACTH (41)

Adrenalectomy to 2-month old obese mice lowers blood
 g1ucose and restores insulin sen51t1v1ty and is followed by

a weight gain ‘smaller than that of non- operated mice (292).

'I.é 5. d. The braln and hypothalamus ' ) .

4

There is con51derable data avallable to suggest that
the genetlc defect of obese mice may be .in the hypothalamus
‘ The accumulatlon of ‘the adlpose tissue mass in obese mice is
due, -at least in part to hyperphagla (210). 5invest1gat1ons
on hyperphagla in obese mice suggest defects in satlety
mechanlsms.; Thelr response to dietary manlpulatlon are
similar to those documented for rats (301) and mice (5) with
hypothalamlc 1njury Whereas normal mlce can gompensate for
the dllutloh to their food w1th cellulose, so that‘theyc
continue-to'gaindueight at,a normal rate, obese mice do not
‘increase their intake suﬁficiehtly and their body‘weight
levels off (244). 'The=association of obesity with hyperphagia
and hypoact1v1ty also suggests that thefgenetlc defect in the

bese mouse is in the hypothalamus
A recent report on'anatomic_studisf measuring neuronal

size and brain weight has indicated a. generalized reduction

in most areas of the brain of ob/ob mice (27). The brain



weight in male ob/ob mice was 14% less thén 'in lean age -matched
controls. The cross-sectional area of neurons in . the
ventro%edlal nucleus c1ngulafe cortex, med1a1 amygdaloid
nucleus, ventrobasal nucleus of the thalePus, and dorsomotor
nucleus of the vagus were‘51gn1f1cantly smaller in tlssues
from the ob/ob mice 27). Only the lateral hypoehalamUS‘
- neuronal area was the same. The éeneralized reduction-in‘
vofume of neurons may well be the andtomic'basis for the
hypq;halamic defects in this strain of mice.(38) N

Lorden et al. (192) have reported 1ncreased concentratlons
of ﬁg;adrenallne in the hypothalamus of 2 and 5-month- old
obese mice of both sexes. Using older animals, Nemeroff et .
al. (229) could detect no- difference in the hypothalamlc level
of noradrenallne By_8‘months of age, however, the ob/ob . 7
mouse 1is no longer rapidly gaining weight, suggeéting ﬁhet
the fihdings in the younger animals may be more relevent to

EY . -
the development of t#He obese-hyperglycemic syndrome.

I.C. 6. Defective membrane-related processes:

A number of membraneerelated processes in the ob/ob
mouse have been reported to be defective. For instance,
decreased binding of insulin in ob/ob mice has been
demonstrated in llver plasma membranes and 1sol;ted hepato-
cytes (168, 291), adipocytes and adipocyte plasma membranee
(98, 235), isolated kldney cells (45), cardlac muscle (95),

soleus muscle (185), and lymphoid tissue (290) The.
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g ob/ob'mice»was_significantly reduced at physiological

dlmlnlshed b1nd1ng has been ‘attributed to the loss of

H

receptor sites rather than to any i the afflnlty of

K receptors (167, 291), and may reflect a more generalized

- change in membrane structure (45). ‘Recent data-have'also‘ A
'sgggested that the regulation of Na', K+—ATPase‘in a number;

_of tissues of ob/ob mice is defective.  The activity of this

enzyme is low in liver, kidney, and muscle of ob/ob mice

(37, 355, 190).

The response of ob/ob mouse adipose tlssue aden;late
cyciase to B- agonlsts such as. 1soproterenol has been shown.to
be severely 1mpa1red by a number of 1nvest1gators (67, 280).

One of these. groups, Hyslopland York (153}, have reported

that the microviscosity of adipocyte plasma, membranes from

temperatures and'that after‘housing obese mice at 34°C for

-

7 days to- normallze gross membrane flu1d1ty, the adipose

ftlssue adenylate cyclase showed dose-response to 1soproterenol

‘that was comparable to the response of lean mice.

The defectjln the regulatlon of adenylate cyclase in

' the‘adipose,tissue'of ob/ob mice has been attributed to a

defect in the interaction between the hormone receptor and

" the Catalytic subonit of the enzyme (69, 280).  Some
investigators have also cIaimedva reduction in the'number of
'B-receptors in ob/ob mouse adipocytes (182) There has been h
‘some ev1dence that the number of insulin receptors and

:B Teceptors 1is 1nverse1y proportlonal to membrane f1u1d1ty

/‘*

-
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(3, 12).- In other reports, it has. been shown that although

basal adenylate cyclase act1v1ty 15 1nsen51tlve to changes in

membrane fluldlty, the act1v1ty is affected when the enzyme

~

is coupled to ‘the glucagon or the B- receptor (12 75).
PhOSphOllpldS are belleved to have ‘an 1mportant role in thlS

coupling mechanlsm (60)

1.C..7. Thermoregulation:

The cold- actlvated adaptlve mechanlsmsnln mammals con51st
of responses which decrease heat loss or 1ncrease heat
iproductlon...The former group 1ncludes p;loerectlonfand
cutaneous vasoconstrlctlon while‘the‘latter_includes
-1ncreased food 1ntake ,shlyering and nonStheriné;thermogenesis.
”Lean mice are able to-maintain?their”hody’temperature on
exposure to a. cold enV1ronment by a comblnatlon of phy51cal
(e.g. plloerectron and shlverlng) and metabollc (e g
" non- shlverlng thermogene51s) responses (64) On the other.
hand exposure of obese mlce to cold [3 C) produces a rapid
h decrease in body temperature and death w1th a mean surV1val-
'tlme of only 2 2 hours (64) :

The reason for the lethal effect of cold was or1g1nally
'-reported to be due to the absence of any metabollc changes
and ‘not to an’ 1mpa1red phy51cal response Dav1s and Mayer
(64) observed that oxygen consumptlon Wthh rose in ‘lean
"mice exposed t0‘c01d,:fa11ed tollncrease.ln ob/ob mace at.3°C,-

L aithoughppiIOerectionfand shivering were evident.
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More,recently,JTrayhurn and James (325) have reported
that obese mice previously adapted to 12°C for 19 days can
survivé.ldnger‘upon‘exposure to 4°C. These authors studied

. the metabollc rates of lean and obese mice durlng exposure
to varlous enV1ronmenta1 temperature;for forty minutes, and
observed that below 30°C the oxygen consumptlon of the lean
mouse was greater than that of the obese mouse, - and that
between 25 and 10° c, the metabolic ‘rate of obese mice was
ionly 80 to 83% of that of the lean animals. The max1num '
oxygen consumptlon in the obese occurred at 10°C, but a
further .increase was observed for the lean when the env1ron-
mental temperature was. reduced to 0°C.  Trayhurn and James.
also determlned the capac1ty of" lean and obese animals for
1nonsh1ver1ng thermogenes1s by 1nvest1gat1ng their response
to noradrenallne at 31 C. The increase in the resting

'“metaboldc-rate after.noradrenadine admiﬁistration in‘the lean

animals was 130%. The increase observed in the obese animals,

. on-the other hand was only 72% of their resting metabolic

‘rate. The 1nJectlon of noradrenallne at 10°C did not produce
‘an 1ncrease in metabollc rate. in e1ther group of mice. It~
.appears then that‘at-iow environmental temperature, the

:obese mouse, llke 1ts lean counterpart utilizes fully its
capac1ty for nonshlverlng thermogene51s but that this
capaclty for heat productlon 1s 1ess than that of the lean

mouse (325)

Thls 1mpa1red capac1ty for heat production was made
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ev1dent .Aina study made by Trayhurn and James (325) on the effect of

10w env1ronmenta1 temperatures on the rectal temperature of

-»

lean and obese ‘mice, These 1nvest1gators observed that after

2 5 hours at 4° C 'the mean temperature of the obese m1ce had

fallen to below 20 C and after an average of 3. 75 hours, the

{--L--l ot T

L

rk A reduced body temperature generally leads to a change in -

the nature of tlssue 11p1ds (96, 127) It was of -interest,
therefore, to determlne how coLQ exposure would affect the
fatty ‘acid’ compos1t10n of obese mouse- liver m1tochondr1a1

: phOSphOllpldS and_to what extent these changes_would affect‘

“liver mltpchOndrial MAO acﬁ}vity.“

1. D. Oxytetracycllne

PreV1ous stud1e5 by Begln Helck et al (22, 23 5‘24) have
shown that admlnlstratlon of. oxytetracycllne (QTC) to the
aobese mouse tendeéﬁto correct many of its abnormalltles
Oxytetracycllne is an antlbrotlc elaborated by the
actinomfcete5_Strettomyces rimosus. Introduced in 1950, it

ﬂ,belongs to a groas of'hroad—spectrum\antibfoti%s‘called

tetracyclines.' These drugs possess activityhmgainst “gram-
- . . . ’ N

1

. positive and gram-negative bacteria which ovﬁ&laps.that'of

-penicillin streptomyc1n, and chloramphen1c§l (338) 'They
Wy
 are ?erlwatlves of naphthacene carboxamlde and are very much

‘alige in“fheir'chemical, antimicrobial,.pharmacological, and

_"“ecff;%
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therapeutlc propertles, Wthh permlts thelr dlscu551on as a-

lclass (338).

. . L . . _ . -

Oxytetracycllne has been reported to have varled

: fmetabollc effects It is known to 1nh1b1t m1tochondr1a1 ,

rilproteln synthe51s in rap1d1y grow1ng tlssue (?3 136) : It. has'

also been shown to 1nfluence carbohydrate metabollsm in both

:humans (68) and experlmental anlmals (70) .~ Several authors- -
. havedgbserved‘that in anlmals (134) or humans (134 218) that
«ihave recelved elther tolbutamlde or exogenous 1nsu11n OTC
- potent1ated the actlon of 1nsu@1n LIn partlcular OTC—
“:treatment of. the- obese ‘mouse (22 23; 25) resulted in some
‘-welght 1oss decreased levels of plasma glucose and insulin,

normalized glucose and 1nsul1n tolerance 1ncreased b1nd1ng

of 1nsu11nfby the llver, 1ncreased 1nsu11n sen51t1V1ty 1n

the dlaphragm ‘and- normallzatlbn of in vivd 1nsu11n secretion

Of<spec1a1 1ntetest to us.were its reported effects on’

‘lipid'metabolism. Ani earlier study by Begln -Heick et al.

(20] showed a tremendous~reduct10n in the welght and lipid
content ‘of the llver in OTC treated obese mice. Subsequent

studles by the same group (21) showed tha“‘OTC treatment

decreased the iﬂ V1vo.1ncotporat10n of 14C—glucose and

T7’HZO into total liver-1lipids of obese mice, whereas it did

" not appreciably affect the ingorporation in lean animals. It

L]

was also observed by these investigators that the bulk of

the 3H20.was‘in the fatty acid fraction of liver lipids. It

. ' - H
u N N .
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should be noted that the 1ncorporat10n of 3H20 into fatty ac1dsA
in VlVO occurs via. the reduced pyrldlne nucleotldes and any
changes in its concentratlon would reflect changes in the .(//_\\\
de novo synthesis of fatty acids |

In addition, a number of the observed effects of OTC
appear to be related to membrane functlon treatment w1th OTC
has been shown to increase the b1nd1ng of insulin to liver
-membranes in the ob/ob mouse (20), to-alter the secretion
kinetics of the exocrine. pancreas (23), and to increase the
act1V1ty of llpoproteln llpase in rat tissues (22).
Alterations in phospholipid metabolism have also been reported
after treatment of rats with TC (lQQL Oxytetracycllne was‘
therefore chosen as a potential agent to alter 11p1d metabollsm
in the obese mouse liver, and thereby possibly alter the .

lipid environment of MAO in the mitochondrial membrane.



I1.. STATEMENT OF THE RESEARCH PROBLEM

Monoamine oxidase is believed to be associated with the

og;er mitochondrial membrane in the liver and other tissues
' [ ‘
and despite a few reponts.to the contrary, is generally

regarded as an integral membrane enzyme. The association

between lipids and protein appears to be essential for the

efficient functioning of such membrane-bound enzymes. Although
lipids have been implicafed in the activity, stability and

specificity of mitochondrial MAO, much remains to be understood

‘ regarding the contribution of membrane lipids in modulating
MAO activity.

The work of previous investigators in this field suggests’

that enzyme activity in vivo might.be affected by disorders

that alter lipid metabolism.

In this respect, the obese-
r

hyperglycemic mouse would preseﬁt an interesting model in

which to study the interaction between MAO and membrane lipids

The ob/ob mouse has been reported to have a wide range of

membrane-related defects, and has been widely used as a model

for obesity and maturity-onset diabetles

In parficulaf the iiyer of the obegg mouse would be an

xcellent system for studying the effect of lipid environment

~on the act1V1ty of MAO. Abnogmailtles in the 1lipid metabollsm

of this tissue have been reported by a number of authors. In

the_present investigation, various properties of: mltochOndrlal

MAO in ob/ob mouse liver were studied in parallel with those
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of preparations from its normal-weight'counterpajf;

It has been claimed that the observed'multiplicity of MAO

- N .- : . . ’ ' :
forms is due to different amounts of bound membrane constituents,

and that these forms are affected differently by “the lipid
environment in the membrané (cf. Review of Literature, Section
I.A.S. 5.). It is alsd generally held that the multiple forms
of the enzyme are"distinguishable by their relative activities
towards selected substrates and by.their response to specific
inhibitors. - The present study was therefore carried ‘out using
differegt substrates apd inhibitors.

In order to establish if any differences between lean
and obese mouse enzyme are part of a generalized effect on
mitochondrial enzyﬁes: activitgés of other mitochondrial
marker enzymes were determined in parallel with monoamine
oxidase. -

An investigation of the kinetic parameters of mito-
chqndrial MAO in lean and obesifigimals was carried out, as

it has been reported that the reactive mechanism of a soluble

rat liver MAO preparation differed from that of the membrane-

bound enzyme in certain formal: details (148). The results

of these authors implied that the configuration of the protein

changed on solubilizatioﬁ, and that, therefore, the membrane _

‘might impose .a physical constraint on the tertiary structure

of the protéin; or, that a specific lipid moiety may achieve’
control of the protein's tertiary structure.

The effect of lipid depletion by aqueous acetone on

-
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'enzyme‘a#t;vity'was.examined;.'An analysis of the phosphblipid
'sbecieslpro ile of liver mitochondria from the two groups of
mice was ﬁnd‘rtaken,‘since phospholipidi havq'often'been
implicated im studies oﬁ the lipid dependency of monoamine
oxidase, and cértain phosphoiipids have been reported to be
more effective than ofhers in reactivating the enzyme in
liﬁid~de§leted mitochondrial’preparations (cf. Review of
Literature, Section I.B.). i
As discussed in Se;tion I.B., the proper?ies'of the #5'
fatty acyl moiety of membrane phospholipids appear to be an
important determinant of membrane fluidity. In thié respect,
it has been demonstrated that' th oUéEe-mSuse liver has a
high capacity to synthesize long and unsaturated fatty acids
from labelled precursbrs (347). It was of interest, therefore,
to determine he fatty acid composition of mitocho;drial
phospholipids of lean- and obese-mouse liver.
Two procédures'were used in an attempt to manipulate
the fatty acid composition of mitochondrial‘phosphplipids.
These involved treatment of the intact animal with the
ahtibiotic,'Qxytetracycline (100 mg/kg I.M. daily for 10 days),
4 and chronic cold exposure (14 = 1°C). Oxytefracycline has |
been reported to alter lipid metabolism in ‘obese-mouse liver
{cf. Review of Literature, Section I.D.); and a related
antibiotic, chloramphenicol, has been shown to inhibit the
~.~ acylation of phospholipid precursors in BHK-21 cells (189);

\ L
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whereas, chronlc exposure to 12 = 1° C has been\reported to
reduce the core temperature of ob/ob mice to 31° C It was
hoped that such'a decrease in body temperature would result

in a change in the fatty ac1d comp051t10n of llver m1tochondr1a1
phospholipids. Such a response to a decrease in temperature

has been demonstrated in membrane phosphollplds of other
experimental models (96, 128)

It was the'purpose of this project to'compare the enzyne'
“from iean and obese-mice* to determlne 1f the altered lipid,
metabolism in obese- -mouse llver would give Tise to 51gn1f1cant
differences in liver mltochondrlal comp051t10n and to relate
any dlfferences between lean- and’ obese -mouse MAO to any

alteration in membrane constituents.

7
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. CHAPTER 2Z: WATERIALS AND METHOBS

(RS

I. Chémicals:

The followlng chemlcals were obtalned froﬂ‘iiT.Baker

Potassium chloride, sodium chloride, sodium hydrokide,

sodium\phosphete'(dibasic); socrosp, and Tris (Buffer).

The” following reegents were purchased from Fisher
Scientific Co. '

Acetic acid; acetone, ammonlum hydroxlde, amﬁonrum
molybdate; benzene, chloroform hydrochloric acid ,. lodine,

magnesium nitrate, methanol, petroleum ether phenol reagent

(Fol1n - Clocalteau Reagent), pot3551u phosphate (dibasic),
potassium phosphate (manobasic),and s&?ZEﬁ carbonate.

Slgma Chemlcal Co. supplied the following: arachldonlc
ac1d L-ascorbic acid (sodium salt), benzylamine, bov1ne serum
albumin (fraction'V), butylated hydroxytoluene (2,6-di-ter-
butyl p~cresol), Cytochrome c, dlthiothreitol, EDTA |
(disodium salt), kynurenine sulfate, D-mannitol, and. NADPH,

. Silica Gel_H (no binder) was obtained from Analabs, Inc.,
sillcic acid gBio—Sil A, 100 - éOO mesh) from Bio-Rad
Leborarories, Amberlite CG 50(H) (100 - 200 mesh) from the

British Drug House, ﬁtd., tyramine hydrochloride from

Calbiochem, cupric sulfate and sodium potagsium tartrate
from Canlab, 5-hydroxytryptamine binoxalate )from ICN

Pharmaceuticals, Aquasol-2 (liquid scipfillation counting
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cocktall) from New England Vuclear Corp ..oxytetracycllne
(Terramyc1n) from Pflzer’ F1c011 400 from Pharmac1a Flne
Chemlcalsr fatty ac1d standards CD 104), phosphollpld o
\ standards, .and di- arachldonyl phosphatldylchollne from
Serdary Research Laboratorles,‘and fatty ac1d standards
"(PUFA #1) and 10% SP-2550 on 100/200 Chromosorb WAW from -
Supelco Inc. : : ' . : - cj-'
Hydrogen, nitrogen; compressed air,-and‘hydrogen .
‘ chlorlde were supplied by Liquid Carbonlc of Canada.
[l C] Benzylamlne (methylene~ q benzylamlne hydrochlorlde)

was purchased from ICN Isotope and Vﬁclear Division; [ C]

hydroxytryptamlne (hydroxy- 2-l C tryptamlne blnoxalate)from

. Vew England Corporatlon, and [ C]tyramlne (p hydroxyphenyl-

‘ o 2= 14C ethylamine hydrochlorlde) was from Amersham -Corporation.

’

II. Animals:

Male miée,,strain.CS?BL/ﬁJ,_genotype ob/ob, and their °

nohobesg (ieanj controls, genotype +/?7, were obtalned from
Jaékson.Laboratories ‘Bar Harbor, Maym;/wf§ji. These were .
used in expériments_at 9 to 12’ weeks of age. .

The animals were housed -four to a cage, and the cages
were placed in a room'wi;h.arfificial lighting for 12 hours
a day (from 0600 to lSOﬁ h). #Temperaturg in this room was
maintained at 24 =+ %°C.' Both obese and lean animals were
given Purini Chow and watér ad libitum unless otherwise

specified.
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Sprague-Dawley. rats used in some of the experiments were

obtained from Bio-Breeding, Ottawa, Canada.

IIT. Treatments:

A, Okytetracycline treatment :

T o -
2 Lean mice were randoﬁty*ﬁivided into two groups: the

oxytetracyline-treafed animals and the non-treated group.
0be§e ﬁiqp were likewise randomly difaded into three groups:
oné oxytétrac cline—treated groﬁp and two control groups, the
nonffreated mice and the food-restricted groﬁp. The food-

restricted mice had free access to water, but were allowed

to consume only 4.5 g of Purina Chow/day, the amount which

-

was.observed by previouspinvestigators (23) to be the
. § ‘

average daily consumﬁ%idn of OTC;treated mice.

All mice were housed in individual cages and were placed

-

.

L

\

in a room maintained at 24 * 1°C, and with artificial light

from 0600 to 1800 h.

-%or a period of 10 days, the OTC-treated mice recelived
daiiy inéramuScular‘i;jections of oxytetracycline suspended
in olive oil.A The dose was lOO'mg/kg in 0.2 ml, calculated
on the basis of tEe average weighf of léan mice. The
non-treated control groups received placebo injections., All
injections wq?e givgh-between 16:00 and 16:30 h daily, and
the weighed fbod was placed in the appropriate cages at ;bout

the same time. On the 11th day, the animals were sacrificed

,
by decapitation between 09:00 and 09:30 h.



III, B, Cold exposure:
Obese mice were'divided into.groups: one group wds placed
for tyo weeksrin‘a-cold‘room'maintained at 14 + 1°C 4nd w111
be referred to as cold-exposed mice (C), while the second '~
group wasfmaintained,at'24‘t'l°C for tﬁo weeks and,Served as
controls (W). The sane\procedure was follewed with lean mice;.
Mlce were. housed 1in separate cages and had unllmltcd -
access to Purina Chow and water. To monitor ‘the amount of
food consumed, pcllers Were'weighed dally at 09:30 h throughout
the two-week period: Shortly before sacrifide, animais were
transported to the 1aboratory from thelr temperature-controlled

TOOMmS, and welighed. Animals were sacrificed between 09:00

and OQ:JO h on the lSth‘day.

IV. Tissue prepara{{:;ﬂ;nd preparation ef homogenates:
| Immediately after animals were sacrificedé organs (brar:s,

heart$, wiite adipose tissue, pancreas, and/or livers) were
removed, rinsed in ice-cold isolation medium'(O;ZS Mlsuerose
containing 10 mM potassiun.phosphate, pH 7.5), blotted dry,
weighed, and minced. All subsequent procedures were carried
out at 0 - 4°C. The mlnced tissue was suspended in 9 volumes
of isolation d1um and homogenized with 4 strokes of a Potter-
Elvejehm homcgenlzer attached to a Tri~R Stirrer motor set at
600 rpm. The homogenates were centrifuged for 10 minutes at

600 x g in the SS - 34 rotor of the Sorvall RC-2B centrifuge.

The pellets were discarded, and the supernatant was either
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assayed directly for monoamine oxidase activity, or used for the

- . . N
. -~

" preparation of subcellular, fractionms.

V. Preparation of subcellular fractions:

A.. Mitochondrial fractions: | ' - %

The 600 x g supernataﬁt obtained above was centrifuged
for’ 20 minutes at 12000 x g (bralﬂ\and llver), 17000 x g
(heart and pancreas), or 27000 x g (white adlpose tlssue)
The pellet obtained was resuspended in the isolation medium
bf manually homogenizing it with a Potter-Elvejehn homogenizer,
end re-centrifuged as above. ‘This washing.procedure was
repeated two additional .imes. The resulting pellefs were
either purified on disfontinuous Ficoll gradients as described
in Section VI, or resuspended in isolation medium and
_homogenized‘iﬂ a Potter-Elvejehm homogeni?er to give a finai
concehfration of 4 mg protein/ml. This suspension‘was

~

assayed for enzyme activity.

B. Microsomal fractions:

Micfosomal fractions wére prepared by centrifugation
of the'post—mito;hondrial supernatant at 100000 x g for 60
minutes in the #30 rotor*of a Spinco Model L ultrecentrifugea
The resulting pellet was resuspended in isolation medium,
manually homogenized in.a Potter-Elvejehm homogenizer, and

‘assayed for enzyme activity.

::\ .
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fCli Cytosolf

‘tissue prepared as . deeCribed in Sedtion V. A was resuspended A &\k o

" sucrose - 25 uM EDTA pH 7 4) to' a f1nal volume of 10 ml per

._73“-
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The post-microsomal Supernatant was assayed for enzyme

activity as the seluble'fraetiop of the cytoplasm._'

VI. Purification of m1tochondrlal fractlons

¢

v n

This method of pur1f1cat10n was adapted from the i_
procedure developed by Clark and Nlcklas (52)

" The crude mltochpndrlal pellet.fromlabout 7.5.g of liver

1n a% Ficoll Medlum (3% Flcoll - & 12 M mann1tol - 0.03 M

7 S g of tlssue ' Thls suspen51on was carefully layered onto
20 ml of a 6% Flcoll medlum (6% FlCOll = 0 24 M mann1tol -

" 0. 06 M sucrose - 50 pM EDTA pH 7 4) and centrlfuged for 30
‘minutes at 12000 X g in the SS - 34 rotor ‘of the Sorvall RC .
ZB centrlfuge The supernatant was decanted and the sllght;:
fluffy layer removed from the pellet The mltochondrlal ~
pellet was resuspended 1n 1solat10n medlum (40 ml) and

recentrlfuged for 10 m1nutes at 12500 x'g. The washed

‘mltochondrlal pellet was elther used for 11p1d extractlon,'

or resuspended in 10 ml of 1solat10n medlum and used for

assay of moneamine ox;dase act1v1ty.

gﬁ!

S VIT. Preparatidn ofdlipidedepleted mitoch@ndrial fractions:

The lipid- depletlon of mltochondrla was carried out _as

degtrlbed by Fleischer and Flelscher (94). This method was

™~
.
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'developed for the remOval of phosph011p1d from mltochondrla in
: forder to determlne the contrlbutlon of such 11p1d %@ the’
 structure and functlon of enzymes in beef heart mitochondria.

The methed waeeused on m1tochondr1a1 preparations

R previoﬁsiy perified on“Fieoll gradients as deecribed in
 'uSect10n VI _ All operatlons were carried out at 0 - 4°C.

:_Three m111111ter5 of pu:gfled mltochondrla (25 mg proteln
per ml of 0 25 M sucrose) was added to 72 ml of an acetone-
water mlxture (67 5 ml of dry acetone and 4.5 ml of dlstllled
ewater), ‘and mlxed in an Er enmeyer flask. The mixture was
jallowed to’ stand 10 - 12 minutes w1th occasional swirling,
and then centrlfuged for 2 miputes at 2000 x g. The
'7supernatant waS'decanted, and ‘Ythe pellet was rapidly mixed
With 75 ml of 0.88 M sucrose - O\01 M Tris-chloride, pH 7.5,
-homegenized_in a Pdtter~Elvejehm homogenizer with a Teflon
-pestle and centrlfuged at ,25000 xrg JAn the #30 rotor of a
Spinco, Model L Ultracentrlfpp\\for 10 minutes. The washing
proceduf@ was. . répeated one (moré time, and the pellet was.
flnally fesuspended in 3.0 ml of the same buffer. This
‘-procedure has beencreported (94) to extract neutral lipid as
well as phosphollpld w1th only about 15% of tﬁ:—grlglnal
'phosphollpld remalnlng, and the residual phOSphOllpld
consisting malnly of cardlollpln. To obtain mitochondria
depleted of greater than 95% of their iipid content, the

above procedure was modified by adding 12 pl of concentrated

ammonia (sp. gr. 0.880) per 100 ml of acetone-water extraction
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mixture (94). \

VIII. Monoamine oxidase [monoamine - 02 oxidoreductase

{deaminating), EC 1.4.3.47:

Y

Monoamine oxidase activity was assayed using radioactive
substrates as described by Robinson et al. (258). The
‘complete reaction mixture contained the following componenfs
in a final volume of 0.1 ml: potassium phosphate buffer, pH
7.5 (10CmM); tyramine, serotonin, or benzylamine (1 mM, at a

N

specific‘}adioactivity of 0.5 pCi/umol); and enzyme. The
amount of enzyme was adjusted such that the reaction was
linear for at least 40 minutes, and in no case was more than
‘25% of the substrate consumed. Blanks consisted of buffer,
substrate, and boiled enzyme. After a 30 minute incubation

s

in a shaking water bath at 37°C, a 50 ul aliquot of t?e
reaction mixture was pipetted onto columns (0.5 x 14.0 cm
Pasteur pipettes plugged with glasg wool) containing
Amberlite CG-SOI(Z.S cm) prepared as described by Pisano
(249). The reaction products were eluted with two 1-ml
portions of water. The eluate was stirred on a Vortex-
Genié mixer; a 1-ml portion was transferred to a coun;ing
vial; 10 ml of Aquasol-2 scintillation cocktail added, and
the sample counted in a Nu;lear-Chicago Mark I liquid
scintillation spectrometer.

One unit of enzyme activity was taken as the amount of

eénzyme necessary to catalyze the formation of 1 nmol of

SN



i

product per minute,. Specific activit% was defined'as'ﬁnits/mg
of protein. | |

When inhibitors were used, the enzymé was pﬁg-incubated
for 10 minutes at 37?C with the inhibitor and cooled for
10 minutes at 0 - 4°¢ before.the addition of the substrate.
Thé concentrations of inhibifor used are specified in the

appropriate tables or figures.

IX. Cytochrome oxidase (fefricytochrome c-02 oxidoreductase,

E.C. 1.9.3.1):

The method was adapted from‘qhe procedure designed by
Smith (289). ‘ -

Cytochroﬁe oxidase acfivity w;s measured spectrophoto-
metrically at 550 nm in a final volume of 1 ml. The reaction
mixture contaiﬁed'é? mM - sodium phosphate buffer, pH 7,
33.5 uM cytochrome c previously reduced by dialysis for 24
hours against twice the molar céncentratlon of sodium
ascorbate, and 0.09 mM EDTA.: The absorbance at 550 nm was
read for 30 seconds and the reacfionistarted by the addition
of a mltochondrlal preparatlon containing 5 - 10 ug protein.
The decrease .in absorbance was recorded for 60 seconds and
the reaction stopped by the addition of 10 ul of a saturated
solution of potassium ferric}anide.

Activity was expressed as the first-order velocity

constant for the oxidation of cytochrome c per mg of protein.

L] . / %
-"‘—\/—-}4"\ a—



-77-

L]

[

X. Kynurenine hydroxylase (kynurenine, NADPH - 0 oxidoreductase,

EC 1.14.13.9)

This activity w;s'assayed in a final volume of 3.0 mlh

céntaining 30 mM XKC1, 0.14 mM NADPH, 0.1 M Tris buffer
"adjlisted to pH 8.1 with 1 M acetic acid,-ap& mitochondrial
prepafatiqn.(o.ﬁ - 1.0 mg of protein). After températu;e
eqﬁilibratipﬁ for 10 minutes- at 24°C, 10 ul of kynurenine

. sulfate to give a final concentration of 0.3 mM was added to
start the reaction. Thé decrease ;n absorbance at 340 nm was
_measured over a 10 minute period. One unit of activity was
defined as the‘amount of enzyme necessary to produce a change
in A340 of .001/10 min. Specific activity was defined as

units/mg of protein.-

XI. 'Lipid coﬁ;;sition

A. Lipid extraction:

The procedure used for the extraction of lipids was
adapted from that used b; Colbeau et al. (54).

The mitochondrial pellet (25 - 30 mg protein) was
homogenized with a Willems Polytron PT 10 homogenizer in
10 ml of a CHC13~MeOH (2:1 v/v) mixture for 2 minptes at
room temperature. The homogenate was centrifuged at‘800 X g
in a Sorvall GLC-2 centrifuge, and the supernatant collected
by filtration. The resi&ue was re:extracted as described

above.

The residue from the second extracticn was homogenized
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with a Polytron éT 10 homogenizer, using 5 ml of a 1:2 v/iv
- N ) "’ . - ‘y
CHClS—MeOH mixture. The supernatants from the three

extractions were combined and concentrated in a Heidolph
rotary evaporator at 30°C. To remove traces of water,

benzene or MeOH was added, the resulting suspension stirred

rd .

on the Vortex-Genie mixer, and_re-evaporated in the rotary

evaporator. The residue was dissolved in a suitable volume

of CHCl and stored under nitrogen at -20°C.

B. Fractionation of lipid extract:

‘The lipid extract obtained above was fractjonated into
néutral_lipids and phospholipids by a method adapted from
Rouser et al. as described by Kates'(173).

The fracfioﬁation was carried out on’a silicic acid
column which was prepared aé follows: silicic acid (0.6 g of
Bio-Sil A, 100 - 200 mesh, previously dried for 2 hours in an
oven at 120°C) was plqdéd in a 50 ml beaker with 2 ml CHC1,.
The slurry was poured into a glass column (; glass tube ca.
ilcm in diamefer, drawn out on oﬁé end, and blocked at that
end with_ glass wool), and the tube tapped té dislddge air
bubbles. The solvent level was allowed to drop to the top L
of the silicic acid. This was followed by two washes with
2 column Voluhes of chioroform. |

"With the solvent level at the top of the column, a
solution of about 150 - 200 mg of total 1lipids in 5 ml of

CHC1, was added carefully down the sides of the column with

-
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a Pasteur pipette. The neutrel lipids ﬁere eluted with 10
column volumes ot chloroform. Phosphollplds were subsequently
‘collected by elutlon w1th 10 ‘volumes of methanol. ThlS
solution- was concentrated under a stream of nltrogeh and

dissolved in $00 nl of CHC1.

C.- Separation of phospholipids by thin layer chromatography:

Glass plates (20 x 20 cm) were coated with 0.5 mm.of a
‘slurry of silica gel H in dlStllled water The plates were
allowed to dry in air for 1 hour, and then dried for 2 hours

at 120°C. Prior to use, plates were washed with CHCL.-MeOH

3
'_(l 1) to remove any 1mpur1t1es, the solvent was evaporated in
_alr, and the plates were reactlvated at 120 C for 1 hour.
_ The phOSphOllpld semple described in Section B was
'-applied (25 ui per spot) on the TLC plate together with
approprlate phOSphOllpld standards (PC, PI, PS,'PE, PG, DPG,
and PA) -The chromatogram was then developed in CHClS/MeOH/
CHSCOZH/HZO (25:i5{4:2 y/t) (288) until the solvent front
reached approximately 1 cm\from the top of the plate.
Standard spots were stained with iodine vapor by blowing
through a Pasteur pipet centaining iodine crystals while the’
rest of the plate was covered with a glass plate to proteet
it from the iodine vapours. o |
Spots were outlined with a needle, wet with a drop of

water, then scraped into 15 ml conical tubes fitted with

ground glass stoppers. Elution of phospholipids was carried
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out according to Skipski (288) by adding 3 ml of CHC1  /MeOH/

| CHSCOZH/HZO (25:15:4:2 v/v) to each tube, the tubes agitated
at 37°C for 10 minutes in a vigorously shaking water bath’

The tubes were centrifuged in a Sorvall GLC-2. centrlfuge

at 400 x g and the supernatant transferred to centrlfuge tubes.
This elution was repeated once w1th the same solvent system.

Two mor elutiorts werercarried out at room temperature, one
with 2 EZDOf MeOH followed by a final elution with 2 ml of
MeOH/CHSCOZH/HZO (94:1:5 v/v).

The pooled supernatants were cqncentrated under .

nitrogen to a final volume of 0.5 ml. This was used for the

- following assay of lipid phosphorus content.

D. Determination of phospholipid ﬁhosphorus content:

The procedure used for thie assay was adapted from Ames
4).

Sixty microliters of 103 Mg(NO;), in ethanol were added
to each of theSabove phospholipid samples, and the solutions
~taken to dryness over a strong flame until brown fumes were
.nd longer produced. Hydrochloric acid (0.5 N; 0.3 ml) was
added to each tube; end the reaction mixture was boiled for
iS minutes. After cooling to- room temperature, O.?Iml of
e mixture composed of 1 part 10% ascorbic acid and 6 parts
. S0, was added

2774
and the reactlon mixture incubated for 1 hour at 3}‘/\“\

0.42% ammonium molybdete tetrahydrate in 1 N H

Absorbance was read at 820 nm.
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'_A standard curve was prepared from a series of KZHPO4
solutions cb#efipg a rénge of 0,01 to 0.09 umoles phosphate.
These were carried'through the same digesfion procedure as

‘the unkrown sample.

E. Determination of fatty acid tomposition of major

phospholipids by gas-liquid chromatography:

The mefﬁbd used for the preparation of fatty acid methyl
estefs was adaptéd from Kates (173). |

Each band (3 to 4 spots) was scraped into tubes
provided with Teflon-lined screw caps. Methanolié HC1
(2.5%, 4.5 ml) were added to each tube, and the reaction . |
mixture refluxed at 70°C for 1 hour. After adding water
(0.5 ml}, the fétty acid methyl estersr formed were extracted
with three 5 ml portions of ﬁetroleum ether. The coﬁbinéd
petroleum efher extracts were evaporated to dryness at 30°C
in a stream of nitrogen. The residue was taken up in CHCi3
and its fatty acid composition determined By gasfliquid
chromatography in an F and M Biomedical Model 400 Cas
Chromatograph. This inétrﬁment is equipped with a hydrogen
- flame ionization detector system. The glass column contained
10% SP-2330 on 100}120 Chromosorb WAW. The éperating
conditions used were: column femperature 195°C, N, carrier
gaslflow of 50 ml/min. ‘ |

Qualitative analysis of fatty acids was done by compafison

to known methylated standards obtained from Serdary Research

l‘ : —
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' Laboratorles or Supelco, Inc. Fattf aci&shcontaining from

14 to 22: carbons were included in this stuéy. Peak”are:s of
“fatty acids were obtained by the ‘peak height x retention
. tlme method' described by -Kates (173) Fatty acid composition

fas expressed in area per cent of total peaks obtalned

XII. Addition of arachidonic acid to mitochondrial fractions:

Tﬁe method used for the -incubations was'adapted from
Orly and Schramm (239).

The mitochondrial preparation was suspended in 10 mM
buffer (elther pota551um phosphate, pH 7.5, or Tris HCI,
pH 8.1) contalnlng 1 mM dlthlothrelﬂol (DTT), an antloxldant
for sulphydryl groups, and di-t-butyl-hydroxy- toluene (BHT),
té reagent which prevents lipid peroxidation. Arachidonic
acid in absolute ethanol was added to the membrane suspension
to give the-finsh concentration indicated in Table 15.  The
finat ethanol cqncentration was never allowed to exceed 1%
(v/v).

After pte-incubation with the fatty acid (times and
tempefatures.used are specified in Table 15), the substrate
was added and the mitochondrial preparations were assayed

‘for monoamine oxidase activity as described in Section VIII.

XIII. Analysis of diet:

‘The mice used in these experiments received a diet of
Purina Rét Chow 5012 pellets. Total lipid was extracted

from the pellets using the method of Bligh ahd Dyer as’
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described by Kates (173). Methanolysis ‘and analysis of fatty
acid:methyl esters were performed as discussed in Section XI E.

Resuits of the assay are presented in Table 2.
' — : -

XIV. Protein determination:

' Protein was determined by the method of Lowry et al.

i

1(196)’ using bovine serum albumin as the 'standard.

XV. Statistical analysis of results:

Statistical analysis of results was done on a Wang-
Laboratories Model 600 programmable calculator.
Resuits are expressed as means * standard error of the
{

mean. Student's t-test was used to determine the

significance of differences between mean values.
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Table 2

Fatty acid profile of Purina Rat Chow 5012

Fatty Acid %
14:0 <1
16:0 | . + 15,3 + 1.70
16:1 - 1.3 + 0,21
18:0 , 2.7 £ 0.32
18:1 21.4 * 2,27
18:2 - 50,0 % 3.85
. 18:3 . 4.3 + 0,38
20:1° _ 1.7 % 0.21
. ’ :
20:4 Co 0
22:1 ' | 3.2 = 0.45
22:6 S 0

L - _
Values are expressed as percent of total fatty acids, and
represent the average of 3 pooled samples: * S.E.M.

Fatty acids are designated by the number of carbon atoms
and double bonds in the chain. Thus, oleic acid is
designated as 18:1.
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CHAPTER 3: RESULTS AND DISCUSSION

Results obtaiged in this study will be presented as

follows:
A. -Work done on non-treated lean and obese mice,
B. VWork aoge on oxytetracycline-treated mice, and

1 .
C. Work done on cold-exposed mice.

I. NON-TREATED LEAN AND OBESE MICE

A. Substrate specificity of mouse liver monoamine oxidase.

Mitochondrial prepa;ations from five organs of lean and
- )
obese mice - the braiﬁf heart, liver, pancreas, and white
adipose tissue - were assayed for monoamine oxidase’activity‘
using ramine as Ehe substrate. °"The bﬁain and heart were
chosen for this preliminary investigation, because monoamine
oxidase has been assigned an important role in the metabolism
of endogenous catecholamines “in theséﬁtissues (62). 1In the :
liver, MAO has been asgigned a possible role in the metabolism
: N
of exogenous monoamines (150). Furthermore, high plasma
corticosteroﬁe levels have been reported in.obese mice (77),
N

ahd several investigators have observed that an increase
in brain and hea?t MAO activity after adrénalectomy could be
antagonized by éorticosteroids (10, 245). The pancreas, white
%dipbse tissue, as well-as the liver were investigated because

of their roles in the development of the obese-hyﬁerglycemic

syndrome. OQur results (Table 3) indicated that there was no

)
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Table 3

[

Mitochondrial monamine oxidase activity -~

in lean and obese mice

Organ Monoamine oxidase-activity
(units/mg protein)
Lean’ .Obese
Brain 4.49 + 0.49 4.65 * 0.39
Heart : .2.45 + 0.17 2.65 £ 0.30
‘Liver ; 5.07 £ 0.15 9.39 *+ 0.26
Pancréas l.OSIt 0.03 1.34.i 0.02
. White adipose tissue 6.97 + 0.34 11.89 + 0.29

"Values are expressed as means t SEM for

per group.

three to seven animals

tyramine-as the substrate. .Units were defined in Methods

(Section VIII).

=

* .
P < 0.001 when compared to lean animals.

~

Monoamine oxidase was assayed in duplicate, using

E

*

*
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significant différence in the activities of MAO in the brain
and heart. Mitochondrial preparations from obese mouse 1iﬁer,
'ﬁancreas, and white adipose tissue, on the other hand, showed
greater activity towards tyramine tﬂén the corresponding lean
samples, Yo ' | ' |

| Our reéulté for the brain were in agreement with'phe
recently published results of Feldman and Henderson (88).
The'sé authors, hbwever, observed no significant difference
between .homogenates of the liver and pancreas of lean and
.obesg mice. Their experimental protocol differed from ours
in two important aspects. They used tryptamine instead of
tyramine as théir substrate, and whole homogenates of liver
and pancreas instead of the mitochondrial.fraction. To
enable us to draw a valid coﬁparison between their data and
ours, eniyme assays were carried out on whole liver
homogenates from our animéls. Our results(Table14) showed
that the specific activity of MAQO in samples from 9 to 12
week old obesé mice was about 1.4 times greater than that

‘of the lean confrols, regardless of whether tyramine or
tryptamine was used as the substrate for the assay.

Feldman and Henderson observed a difference in MAO
activity in white adipose tissue and none in hea}t. Our .J’
results aré thﬁs similar to theiég even though the‘group
of mice thef used for the asséys on these tissues were
considerably older (4} to 7 months) than our ;nimafg (9 to

12 ‘weeks) .- N
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" Table 4
[
Monoamine oxidase activity in whole liver

homogenates from lean and obese mice

Monoamine oxidase activity
(nmol product/min/mg protein)

Group : g Tf%amine Tryptamine
Lean R 255 & 0.28 0.51 + 0.04
Obese | o ©5.51 + 0.21% 0.69 + 0.05*

A1l values are expressed as means * SEM for five animals from
each group. o

*
P < 0.001 when compared with lean groups.

-
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Further studies on mondamine oxidase were subsequently
carried out on liver mitochondrial samples.. This decision
. : \

. ' .k P
was based on the ease with which mitochondria.€ould be

- ’

isolated from the liver, the high\specif%F”activity of the
‘enzyme and ‘the high yields in this tissue, coupled with the
possibility that the altered lipid—metabolism in this organ
TRy cause interesting changes in MAO activity.

To determlne xf the gbserved. hlg?er spec1f1c activity of
MAO in the liver mitochondria of the obese mouse was due to a
geﬁeralized effect on all mitochondrial enzymes, the‘MAO
assay was repeated on mitochondria isoléted;from livers of
another group 6f mice, and'an assay of k?nurenine hydroxylase,
an dﬁtgr membrgne marker (233, 273), was carried out on the
same mitochonégial fraction. .An assay of.cytochrome oxidase
-was also carried out to determine if the effect was |
manifested iﬁ the inner membranéﬁ TabXe 5 summarizes the
data obtained for all three enzyme qéé#?s.. No significant
‘difference waé;abserved in‘tHE-specifié activity of
kynurenine hfdrokylase_or cytochrome oxidase. However, the
specific activity'of-MAQ in the obese mouse 1iVer mitochondria
was again observed_to‘be}gféater than in the lean controls.
- Subsirate specikficity studies were.undertakeﬁ.in‘order,

-

to better characterlze the enzyme -in lean and obgse m1ce

The substrates used for the assays were, tyramln_, serotonln

o and benzylamlne Thls-lnvestlgatlon was carried out in

‘ barailel with”the.more exteﬁsively studied”féf_liVer

e
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Table 5
N B ,
L . ) N ~
Activities of mitochondrial enzymes in the

liver of lean and obese mice

Enzyme activity (units/mg protein)

Group ‘ Monoamine - Kynurenine Cytochrome

o "oxidase hydroxylase oxidase .
Lean . -+ 6.98 £ 0.20 - 69.7 % 5.4 1.80 & 0.20
Obese . 10.78 + 0.30 69.6 + 5.0  2.10 * 0.10
P - : <0.001 ‘ n.s. . N.S.
Units of enzyme activity are defined in the Methods section. i>
"Monoamine oxidase was assayed using tyramine as the substrate.

Values are means * SEM for four separate preparations for
monoamine oxidase and kynurenine hydroxylase and for two
separate preparations for cytochrome oxidase.
Abbreviation: n«s., not significant.

T

B

iy
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mitochondrial MAO. Our'results (Table 6) indicated greater

~activity towards all three:substrates in.the obese samples'

noted that the substrate specificity.in both lean and obese
mice differed from that of rat liver mitochondria. In thé
rat liver, mitochondrial MAO activity ranked thus: tyrqmine >
serotonin -> benzylémine. In both lean and obese mice,
however, the activities ranked thus: tyramine > ben2y1amin¢l;
serotonin. N

It is well documented that two tyges of functional ¥0rms
of monoamine oxidase exist in tissues fro severél species.
The two forps, called 'A' and 'B' according to their
sensitivity§£$ the inhibitors clorgyline (lﬁl)iand deprenyl
(178) (cf. Review of Literature, section I.A.5), have also

been shown to have different substrate specificities (228).

For instance, it has been demonstrated in liver and brain

from rat and man that serotonin is oxidized mainly by the 'A' -

form of the enzyme and'that benzylamine is a preferred
substrate for the 'B' form, while tyramine is.a substrate

for both forms. The above fesuits would therefore suggest
that in the CS57BL/6J mice, liver mitochbndria con ined a
much larger propoftion of the B form of monoamine oxidase than
in rat liver. Furthermore, in the obese mouse, the specific

activity of MAO was 74% greater when tyramine was the

substrate, 53% with serotonin, and 63% with benzylamine. This

-
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Table 6

Substrate specificity of liver mitochondrial

monoamine oxidase in lean mice, obese mice

i

aﬁd rats
Animal Monoamine oxidase act1V1ty N
- (units/mg protein) '
Tyramine Serotonin . Benzylamine
Lean mouse © . 5.70°% 0.30 0.85 £'0.05 1.55 t 0.06
Obese mouse 9.89 + 0.14*  1.30 £°0.03* 2.51  0.08*
Rat | 9.31 + 0.18  3.19 £ 0.09 1.53 % 0.05

All values are expressed as means * SEM for five animals from
each of the three groups assayed in duplicate. " Units of
enzyme activity were defined in Methods (section VIII).

P < 0.001 when compared with lean groups.
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may suggest that the factors respon51b1e for the dlfference

:1n MAO act1v1ty in lean and obese mice had a dlfferentlal

action on the two forms of. MAO in llver mltochondrla

I1.B. SUbstrate-selective‘inhibition of liver mitochondrial MAO

The effects of selective inhibition by clorgyline and

.

,tdeprenyl were studied in order to determine the relative

proportions of form A and B of ﬁonoamine oxi%?se in lean and
obese mouse liver mitochondria.. Table 7 gives the results
obtained with intetmediate_cdncentrations of inhibitors:

6 -7 M).. As noted in the Review of Literature,

Type A MAO is more sensitive than Type B to inhibitidﬁ by

clorgyline, whereas deprenyl preferentially inhibits the B

' form of the'enzyme; These inhibitors had similar effects on

samples from lean and obese mice. However, comparison of the

same substrate revealed interesting differences. For instance,

when tyramine was used as the-substrate, 10—6 M deprenyl

- almost completely abolished enzyme activity, whereas clorgyline

effected only 24% inhibition in both lean and obese mice.
Similarly, the'activity towards benzylamine was almost.
completely abolished by 10—7 M deprenyl, while clorgyline

had hardly any effect on enzyme activity. These observations

- suggested that the predominant form of MAO-in both‘leaqaaﬁﬁ#__\

obese’ mouse mitochondria was form B.

Results obtained in dose-response studies shown in
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. Table 7

Substrate~5élective inhibition of

liver mitochondrial MAO activity

Animal . Substrate: ~ “'% inhibition by
. - C . . Clorgyline Deprenyl
| 10°7M  10-6M -10-7M - 10-6M

Lean " Tyramine g 24 . 83, 92
Serotonin s w6s 733 .45
Benzylamine 0 1 68 ‘96

Obese | Tyramine - o 1 . 24 86 | 94
Serotonin 50 65 35 47
Benzylamine- 0 3 68 08

Mitochondrial preparations were pre-incubated at 37°C for 10
min with the ‘inhibitor prior to the addition of the substrate.
Controls were pre-incubated under the same conditions, but in
the absence of the inhibitor. Enzyme activity was then assayed
as described in Methods (section VIII). Values given are the
averages of two individual experiments assayed in duplicate.
The variation between the experiments was less than 5%.

-
i



L-95- . -

N

Figures 5 énd 6 confirm this observation, These experiments
were éarrigdﬂout with coﬁgentrations of inhibitor ranging
from 15-3 to 19-9 M,'and‘ﬁere run in parallel .with the better
known'rét 1iver'mitochondria1 monoamine oxidase. The data |
obtained for lean and obese mice were essentially the same, A
suggesting that the factors responsibie'for the differendg in
MAO activity in these animals did néi exert a discriminative |
action on the two fbrﬁs of the enzyme.

The biphasic,dose-response cﬁrfe obtained for fhe rat
sugg¢§ted that, as previoﬁsly_reported by‘éeﬁeral inveétigatofs
(TQ,'??, 334}, about equal ambunts of .the A énd B forms-are
present in rat liver mitochdndria. On the other hand, in the
mouse liver, inhibitioﬁ'by clorgyline was observed at a
concentration ten-fold as great as that of deprenyl, which was
capable bf'producing nearly complefe inhibition of enzyme
activity.; These data further supported our previous
observation of the predominance of the B-form of MAO in lean
and obesé mouse mitochondr?a. This finding is in agreement
with results published on albino mice (183).

Furthermore, since the dose-response curves indicate
that lean and obese-mouse‘liver mitochondrial MAO contain a
negligible amount -of Form A of the enzyme, it appears possible
that the observed activity towards éeroponin may be‘attributable

to Form B of the enzyme. Other investigators- (80) have

reported that Form B of liver MAO is capable of metabolizing
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Figure 5. The inhibition in vitro_of liver mitochondriai MAQ aclivity. Rat liver
mitochondria (A — A); lean mouse liver mitochondria (00 — O); obese
mouse liver mitochondria {O — O). The substrate used was tyramine and the
assays were dane as described in Methods (VIH) ‘ . :

. The resuns given represent means of two separate experlments done in
triplicate for each group.
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Figure 6, The inhibition _in vilrg of liver mitochondrial MAO. Rat liver
mitochondria (A — 4); lean mouse liver mitochendria (O --- O); obese

mouse liver mitochondria (0 — Q). Tyramine was used as the substrate and
the assays were done as described in Methods (VIII).

The results given represent means of two separale experiments done in
“triplicate for each group.
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serotonin even thqﬁgh this amine is generally conSidgred a

substrate for Form A of the enzyme. '

I.C. Kinetics of monbamine‘oxidase.in mouse liver mitochondria-

b}

Since the higher monoamineloxidase activity observed in
the obese mice ééuld be-due to an alteration of the kinetic
propeftiesof the enzyme, tﬁe Km and Vmax of Fhe enzyme towards
tyramine, serotonin, and benzyiamine were determined for both
.groups of animals. Linéweaver—Burk plots of the data obtained
in~thi§ experiment are given in Figures 7, 8 aﬁalg. The

-figures show that for all three substrates used in the assay,

there was no difference in apparent Km béetween the two .groups
of animals. On the other hand, the Vmax value of the ehzyme
towards all substrates waspbgérvéﬁ to be higher in the obese
animéls.fhan in their 1¢ah counterparts. This observation
would Eonfirm previous regults obtained in Section T.A.,

where saturating concentrations of each of the substrates were
used for the assays. The results obtained in this kinetic
analysis would also suggest that the greater activity observed
in obese mice is not due to an altered affinity of the

_enzyme for the substrates used “in the assays. Since undef
enzyme-saturating substrate concentrations, the maximum

re

initial velocity V is proportional to total enzyme

max
concentration (184}, the higher umax values cobtained for the
obesp-mbuse preparations may suggest a greater amount of enzyme

in obese animals than in lean animals. The values for the
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Figure 7. Effect of substrale concentration on the oxidative deamination of
tyramine by liver mitochondria. O — O, lean mice; A — A obese mice,
Assays were done as described in Methods (Sechon Vi, :
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Figure 8. Effect of substrate concentration on the oxidative deamination of
serotonin by liver mitochondria.O — O, lean mice; A — A, obese mice.
Assays were done as described in Methods (Section V). i,
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Figure 9. Effect of substrate concentration on the oxidative deamination of

benzylamine by liver mitochandria.O — O, lean mice: A — A,obese mice.
Assays were done as described in Methods (Section VIil). . - )
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kinetic constants are-given ih Table 8.

1.D. Effect of lipid enV1ronment ‘on” eneyme act1V1ty

l ~Effect of 'lipid depletlon of mouSe<g3veT~m@toch n3555?

From the foregoing studles, it appears th e greater .

spec1f1c act1v1ty of MAO in obese mouse liver mltochondrla

was. not due to a dlfference in substrate afflnlty or’
proportlons of forms, A and B of “the enzyme,. or a greater‘

v
anumber of - mltochondrla in the Obese anlmals

There are’ two alternatlve reasons for the observed

dlfference in act1v1t1es between 1ean ‘and obese mlce Kf

-

.p0551ble explanatlon may be the presence of a greater amount

‘ . . " .
- of, enzyme proteln in obese -mouse mltochondrla The greater,

-
- - .
*

Vmax values obtalned for obese mouse ‘preparations towards all
1

amine substrates studled ‘in the klnetlc analy51s may be

suggestlve of .this condltlon vAnother basis for the observed

difference- in enzyme act1v1ty ‘may 11e in an altered 11p1d i

environment of the enzyme in obese—mouse mltochondria

Although Slnger cla551f1es monoamlne ‘oxidase as a-
peripheral protein (cf Rev1eW'of therature, Sectlon I. B ),
several investigators (80 85; 108; 139, 362) have prov1ded
evidence 1nd1cat1ng that MAO 1is an 1ntegral protein, and as
such, the enzyme should have a functlonal or structural
deoendence on 1ts lipid- env1ronment. Indeed various grouos-

of workers in the fleld have demonstrated such a degpndence P

(30, 43, 80, 169, 224, 299, 317). j Althal et al. (1) and

4 L
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Kinetic. constants fbr tyramlne, serotonln and benZylamlne

ox1dat10n by liver mltochondrlal MAO in lean and obese. mice

Group . ‘& o Kp ENETVRCIEN: '
' o (uMy. - T ‘ (unltsng proteln)
Tyramine. Serotonin, Benzylamine - Tyramine Serotonln Benzylamine
Lean 199 . .. 118 _ _ 350 - . g01 | 0.95 . 1.8
Obese 199 . 118 - 350 «t “10.81 .+ 1.55 °°  2.95

.

. - ’ k :

Kinetic constants weré’ obtalned from Llneweaver Burk pIots of substrate L
‘concentrations vs. . initial reaction” velocities. Substrate-concentrations’
ranging from 1 to 10-3 M were.used. Mitochondrial fractions prepared-

from 6 animals per group were assayed in. dupllcate for MAO- act1v1ty as . -
described in Methods (sectlon VIII) o _ _ . .
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Roison (253), however, are not in agreoment with this view,
and contend that:MAO is not directly dependent on membrane
lipids for tho expression of its activity. |

The role of lipids thus appears to be controversial and
needs to be, studied further. The obese-hyperglycemic ﬁouse
seemed to be a  good model for attempting to elucidate the
issue, as. it has been reported to have a wide range of
defectlve membrane- rclated processes, such as -reduced purine
nuclootlde blndlng in brown adlpose tlSSUC (364), reduced
. hormone receptor concentratlons (168) and Na*, K*-ATPase - .
activity (37), and defectlve hormonal regulatlon'of adenylate
cyclase activity "(153). The fi?st‘step in these studies invoivod o
“an investigation of the effect of iipid depletion on MAO -
activioy. The results for these experimonts are given in
Table 9. "Extraction of mitochondrial preparétions with
aqueous acetone (Step II in the table), vh{ch removes néutrai
© lipid (94), decreased the act1v1ty ‘of the enzyme in both lean
and obese mouse samples to the same level. When,serotonin
was the substrate, the original activity in the lean mice
decreased by 54% whereas that of the obese group decreased by
71%. with benzylamine as substrate, the decrease in activity
of lean samples amounted to 29%, whereas that of the obese
samples decreased_by 45%.

Exfraction with aqueous acetone and ammonia (Step III)
which removes 95% of lipids (94), also left approximately the

- same residual activity in both groups of animals. With
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~ Table: o

Effect of lipid depletion on liver mitochondrial

monoamine oxidase activity

MAO Activity (units/mg protein)

Fraction* ' Serotonin Benzylamine
Lean
I . 1.05 % 0.06 1.90 & 0.04”
II ) . 0.48 + 0.04 . 1.35 % 0.08
IIr - ©0.21 £ 0.02 0.75 £ 0.04
Obese
o 1.70 + 0.07 2.80 + 0.11
I - 0.50 + 0.05 . 1.55 % 0.07
ITI - : 0.25 + 0.04 0.75 + 0.03

*1, Mitochondrial fraction; II, mitochondrial fraction extracted
with acetone; 1III, mitochondrial fraction extracted with
acetone and ammonia. Details of the . extraction procedure are
given in Methods (section XI.A.), and units are defined in
Methods (section VIII). Values given are the means of two
individual experiments * SEM. Samples were poocled from 5
animals per group.



-106-

h

seretonin as the substrate, fne decrease in specific activity
in the lean mouse was 80% while thar in obese samples was 85%.
When benzylamine‘Was the subetrate,‘the observed deerease,was
"61% in the lean sampies, éha 73% with the obese. In both
proeednres, the 'additional' activity of MAO in obese mouse
liver mitochondria seems to, be readily decreased to the sanme
1evel as that found in lean mouse mltochondrla by this treatment.
Data obtained in our 11p1d depletlon experlments suggest

that MAO in mouse liver mitochondria may be dependent on

lipids fot: expression of its activity. Further, since

manipulation of the lipid content of ondr;ZHETesgnrqduced a
greater change in‘enzyme'activity in mitochondria from the
obese animals, it is possible that the greater specific

activity observed in obese mice was due to an akteration in

the membrane 1lipid composition of liver mitochondria in

these animals.
\

I.D. 2. PhOSphOllpld comp051t10n of lean and obese mouse
- - \
liver mltochondrla - \

Membrane assoc1ated enzymes often requlre specific
phOSphOllpldS for the expression of maxlmal act1v1ty This‘
requirement has been demonstrated in the case of the sugar
épecific,phosphotransferases of E. coli membranes, guinea-pig
kidney ﬁa4,K+-ATPase, and mitochondrial D(-)B-hydroxybutyric

acid dehydrogenase.

Ekstedt et al. (81) have observed that when monoamine

N
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oxidase.éolubiiized from pig liver mitochondria by extraction
of phospholipids was incubated with lipid-depleted mitochondrial
residﬁes,-bindiné of the enzyme to the residues occurred in
the presence of cardiolipin, and mixtures of cardiolipin.and
lecithin, but not of lecithin alone. Olivecrona and Oreland
. .(236) have also shown that phosphatidylinositol and
phosphatilesering can cause binding of MAQO to lipid-depleted
membrane residues.

In vieﬁjdf these.published results, and since phbspho-
lipids account for three-quarters of the total lipid content
of mitochqndria, it seéméd appropriate to determiné if there
was a differeﬁcé in-fhe phospholipid compositién between the
obese and lean mouse mitoghondria, and if such a difference
~eXxisted, to determine which of the phospholipids is or are
necessary for the expression of enhanced monoamine oxidase
activity in the obese mouse.

| The results obtained in this study are summari?ed in
Table 10. These results show that PC and PE were ﬁresent in
largest quantity in both groups‘%f mice, while PIx+ PS and
CL + PA ﬁere bresent in smaller amounts. The numbe?s in
parentheses indicate the proportions of'these phospholipids,
‘taking sphingomyelin and lysdphosphatidylcholing as 1.00.

Application of Student's t-test to these results, |
however, did not reveal any significant differences between

any of the phospholipid groups in lean and obese mice.
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Table 10 .
N

"

Phospholipid composition of lean gnd obese

" ‘ | mouse liver mitochondria

Compoéition (%)

' Phospholipid Class | \ Lean . ; ~ Obese

Sphingomyelin + © 12,7 £ 3.7 (1.00) 13.5 + 3.2 (1.00)
lysophosphatidylcholine '

Phosphatidylcholine 29.8 + 1.2 (2.55). 31.8 + 1.8 (2.36)
Phosphatidylinééitol + 12.9 + 1.6 (1.02) 11.4 £ 2.1 (0.84)
phosphatigylseriné - '

. Phosphatidylethanolamine ~ 22.1 % 2.4 (1.74)  21.7 # 1.8 (1.61)
phoéphatiqylglycerol " 7R+ 1.1 (0.61) 8.1 % 1.9 (0.60)
Cardiolipin + phosphatidic 13.7 + 2.1 tf.os) 12.8 + 2.1 (0.95)

acid ¥

The results represent means * SEM for four experiments each
done in triplicate and are expressed as percentage of total .
phospholipid fraction. . v
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It is interééting in this respect that in a recent
study on membrane fluidity done on adipocyte membranes,Hfslop
and York (153) found that the microviscosity of membrgnes
from ob/ob miéé was.significantly reduced at physiological
temperature.. However, an analysis of the gross phospholipid
composition did'an reveal any significant differences
between ob/ob and lean-mouse membrane preparations. These
authors have postulated that the decrease in the microviscosity
_of ob/ob samples may reflect an increased occurrence of )

unsaturated fatty acids in the‘membfaﬁe phospholipids.

I.D. 3. Fatty acid composition of phospholipids in lean and

obese mouse liver mitochondria

It has beeﬁ'reported by.Winand (346) that the total
liver phospholipid fraction in the ob/ob mouse liver contains
differgnt prbportions of fatty acids from the same fraction
of the lean mouse liver. At the time that our study was
undeftaken, it was not known whether there were significant
differences in fhe fatty acid composition of liver mitochon-
drial phospholipids in these mice. The degree of unsaturation
of the fatty acyl moiety in mitochondrial phospholipids ﬁas
been reported to affect-the degree of activation of
phospholipid-dependent enzymes such as mitochondrial
D(-)B-hydroxybutyric acid dehydrogenase and the E. coli
membrane enzyme which transfers galactose from UDP-galactose

‘po‘galactose—deficient lipopolysaccharide (cf. Review of

. T
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Literature, Section I.B.},
. In view of the poésibility‘that the greater activitf of

MAO in the obese mouse liver is duélto a higher content of:'\
unsaiurated fatty acids, the fatty acid composition of liver
mitochondrial pﬁbspholipids of lean and obese mice was |
determined. - Thus, pfeparaiions of Whélé mitochdndria, purified
on ajdiscontinuous Ficolf gradient, were used for the studies
on fatty acid compésition. The phospholiﬁfd,fraction from
the lipid extract of these mitochondrial samples was subjected.
to methanolysis, and the resﬁlting fatty acid methyl esters
assayed by gas-liquid chromatography. The fattgy acid peréenfage
composition of the phospholipids studied are presented in
Tables 11, 12, 13, and 14.

Arachidonic acid (20:4) wa§ found to be significantly
higher in three of the phospholipid fractions in the obese:
the arachidonate content in the PC fraction of preparations
(16.4%) was 1.8 .times as great as that of the.lean (9.2%).
In the PI + PS fraction, the arachidonate in the obese (29.8%)

was 2.1 as high as in the lean (14.1%). In the PE + PG

| fraction, there was also a 2.1 fold difference between samples
from the obese (22.7%) and the lean mice (10.8%). )

Of all the phqspholipid fractions studied, it'wgélonly
in cardiolipin that a difference in 20:4 wa; not observed
between lean- and obese-mouse preparétiqns. Our sfudy showed

that oleic acid'(18:1) in this fraction of the obese .(28.6%)
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. £
Table 11 |
Fatty acid cbmposition-df phosphatid}lchoiing
in liver mitochondria of lean énd'obeée mice
Group
Fatty Acid Lean. - Obese
14:0 - <l <1’
16:0 27:3 + 1.59 26.6 £ 1.34
16:1 <1. <1
.'18:0 22.9 £ 1.39 23 t 0.94
18:1 13.7 + 1.08 12.7 + 1.12
18:2 12,7 £ 1.41 10.4 = 0.27
;8:3. 0 0
20:4 9.2 = 1.64. 16.4 % 0.76%
22:6 ‘Q.G‘i 9.2 + 0.40

0.95

Values given are means

SEM of five individual experiments.

Results are expressed as percentage of total fatty acids in:

phosphatidylcholine.

Fatty acids are designated by the number of carbon atoms and

double bonds in the chain.

as 16:0, while linoleic acid is designated as 18:Z.

*Significantiy different from lean, P < 0.001.

Thus, palmitic acid is designated
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Table 12

Fatty acid composition of phosphatidylinositol

+ phosphatidylserine in liver mitochondria

of iean and obese\mice h
Group _
Fatty Acid  Lean” - Obese
14:0 : A | <1
16:0 o 15.0 + 1.46 12.5 + 1.54
16:1 - <1 <1
18:0 = 48.1 + 2.44 45.0. * 2.32
o181t - 7.2 £ 0.25 6.8 % 0.67
s o18:2 3.4 % 0.49 2.8 + 0.29
18:37 - 0 0
20:4 : 14.1 + 1.85 29.8 & 2.90%
22:6 7.4 % 2.20 5.2 % 1.25

Values given are means * SEM of five individual experiments,
Results are expressed as percentage of total fatty acids in
the phosphatidylinositol + phosphatidylserine fraction.

Fatty acids are designated by the number of carbon atoms and
double bonds in the chain. Thus, palmitic acid is designated
as 16:0, while linoleic acid is designated as 18:2.

*Significantly different from lean, P< 0.025.
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Table 13

+ Fatty acid 'composition of phosphatidylethanolamine
+.phosphatidylg1ycerol in liver mitochondria

of lean and cbese mice

-\

s

. ) - Group

Fatty Acid Lean . Obese
14:0 a <1
16:0 - . 1907 £1.95  "16.9-+1.24
16:1 a. o<
18:0 40.8 +2.83  37.5 £2.11
18:1 ' 10.9 *1.65 10.7 +0.94
18:2 : | 6.2 £0.49 4.9 £0,51
18:3 0 z’/ 0o
20:4 10.8 +1.53 22.7 +2.24%
22:6 o 9.6 +0.90 9.6 £1.80

‘Values given are means * SEM of five individual experiments.
Results are expressed as percentage of total fatty acids in
the phosphatidyethanolamine + phosphatidylgycerol fraction.

Fatty acids are designated by the number of carbon atoms
and double bonds in the chain. Thus, palmitic acid is
designated as 16:0, while linoleic acid is designated as
18:2. ’ :

*Significantly different from lean, P < 0.05."
A :
3 - L.

v}

— e
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‘ - . ~.Table 14 - . .
| Fetty acia comp051t10n ef cardlollpln + ‘é
lphosphatldlc acid in liver mltochondrla of‘ y
:ﬁ - le%p and obese m;ee :?
. . o ) Gfoup'f ¥ 5
FattyiAcid Zeh Lean mhﬁbese“ﬁ- i ':fa:-
1_4:0'-"_' = | i <1, g <1 S
16:0 - ~ e 184 £2.37 152 S04 s
. 16:1... o 2.9+ 0,22 D2.9 0484
18:0 S 149 e 3,02 11:0 £ 1.91 .
18:1 N 17.1 + 0.&58 28,6 % 2.95%
18: 2'_ _o 2§:3 £ 4..25 G150 e 315 ‘L
18:3 : L0l Co .o
20:4 - ?S.ilti d.-.34 . 5.7+ 0.98 e
L. 226 ~ .7 5.9%1.60 4.9 t 0.80 i
- Values given ar€ means : SEM of five 1nd1v1dua1 exper;mente
Results are expressed .as percentage of total fatty ac1ds in .
- the cardlollpln + phosphatidic acid fraction, N . -
Fatty acids are designated by the number of carbon dtoms and o

double bonds in the -chain.

Thus, palmitic acid.is de51gnated

as '16:04 ‘whlle linoleic acid is de51gnated as_ 18 2. =
*Significantly dlfferent from lean, P < Q.Ol,“. )
N . . .
\ 'a- - »



S was 1.7 times as:great-as~that of the preparation from the

"‘lean (17 1%) -Since cardiolipin is believed to be present

" predomlnantly 1n the 1nner mltochondrlal membrane (54), and

:i:MAO is generally belleved to be on - the outer m1tochondrlal

_'membrane (275), the dlfference in oleic ac1d content may . not be

" assoc1atcd with- the observed dlfference in enzyme act1v1ty

: between lean ‘ang’ obese anlmals

In rat llver mltochondrla, the major phOSphOllpldS of

the outer m1tochondr1a1 membrane have been found to be

.:?: phosphatldylchollne and phosphatlaylethanolamlne The outer

lmltochondrlal membrane in rat’ llver has also been reported to
fbe markedly richer in phosphatldy11n051tol than the 1nner

A
. membrane The analy91s of gross phOSphOllpld composition has

'ndemonstrated that lean and obese mouse’ 11ver mitochondria

. ,:contalned about 319 PC, 22°« PE, 8% PG, and 125 PI + PS. It

*‘:does hot appear 1nconce1vable therefore -that 'the higher

arachldonlc ac1d content-ln obese mouse 11ver m1tochondr1a1

;__phosphollplds may ‘indeed. ‘have a role in the expre551on of

Qgreater MAO act1V1ty, elther through an increase in membrane

"*ﬁfluld}ty, orsthrough dlrect interaction of the more highly

_,ﬁnsaturated fatty acid with the enzyme.

One may’ be cr1t1c1zed for performlng thlS study on
-;whole"mltochondrla 1nstead of the outer m1tochondr1al membrane.
However, Chaffee et al (44) have reported that in golden
hamster: the fatty ac1d comp051tlon of whole mltochondrla did

not dlffer 51gn1f1cantly from the fatty acid profile of



'-Utilizemthewouter,mltoe'

1

o whether arachldonlc acid is, respon51b1e for tHe greater

< -
HL-

mltochondrlal membranes Patmon and Platner (246) haVe

\.l

-

i . o A S B ¥

conflrmed thlS observatlon 1n rat llver mltochondr1a Further,

- [ . sl

B .

-Parkes and Thompson (243) found that in gu1nea plg 11ver the.T.f

e e "
v
-.. .

fatty ac1d comp051tron of }nner and outer mltdchondrlal

~
I

mem?rane phospholrplds are ba51ca11y 51m11ar.‘ Thls observatlon

conflrms the flndlngs 6f - Stoffel and SChaeffer for rat llver‘i};i

..-_s [

not con51dered necessary to .,

(302) It was, therefore

L - . - ‘.‘ . [ 1 - L]
- . . . .
. v A

_ ndrlaI membrane in’ thlS 1nvest1gat10n.“'“ '

- . LI S

~IgD.?4 Effect of arachldonlc ac1d on the oxrdatlve deamlnatlon,c"

P R

- - PP . LI

of tyramlne by lean mouserllver mltochondrla ,hhiji- -;;“¥'¢-i;ﬂf3T”fb'

An attempt was made to obtaln dlrect ev1dence as to. e

K e

"y U T
~

spec1f1c act1v1ty of m1tochondr1a1 MAO in. obese mouse lrver.fﬁgﬂ':gﬁz -

¥ N

It has been - found p0551ble to insert free fatty ac1ds *“ﬁfizf*ii.“'d

s
.

=~
-

- s -.‘

et

ac1ds acted as crenators of erythrocytes,'and protected these

agalnst hemolysrs 1n hypotonlc medla (256 279) Addltlon of

sodlum 1aurate to secretory granules of _rat parotld gland

sealed the granule membrane agalnst 1eakage at low temperatures

.

(274) Manlpulatlen of membrane functlons by 1nsert10n of T T

free fatty ac1ds has the follow1ng advantages Experlments ;i?ﬁ-g

are. not dependent on the successful esterlflcatlon of the -~¢""f

fatty ac1d 51nce the free fatty ac1d can serve. as such to

modify ‘the phy51cal propertles of the membrane. 'Moreover,

\-b X .__. . v [ .

: art1f1c1ally 1nto blologlcal membranes 50° as to study thelr

' effect on membrane propertles (239) Thus rcertaln fattym»r‘ﬁljﬁ”"'”
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any efféct 'can be dlrectly related to the spec1f1c chemch://r'“'

g structure of the fatty ac1d The protocol used in the

¥

experlments is presented ih’ Table 15 B -ﬂd‘“

o . ._.x__.‘

"The f1rst two experlments were, carrled out to comparel

the degree of actlvatlon by arachldonlc acld at phy51olog1cal

.!,'

L
L

'temperature and a temperature wcll below normal body

- - %3

"b t ‘r"-

- temperature i.e. 22 C. Ralson (253) has prev1ously observed o

that 23°C 1s the cr1t1ca1 temperature below whlch the klnetlcs

f!

.

,of m1tochondr1a1 enzymes of homedtherms changed -and that these

changes could be assocrated with a nhase change in membrane,,~'

llpldb. It was. hoped that’ if- arachldonlc ac1d‘was 1ncre351ng

-t S ....‘

MAO act1v1ty by enhanc1ng membrane flurdlty 1n the obese mouse,ﬁu

“frts effect on enzyme act1v1ty would be more pronounced at thls

+

lower temperature than at phy51olog1ca1 temperature. No enzyme_

actlvatlon was observed ath elther temperature used T : R

Slnce the amount “of llpld-added was reported to be‘

EIP

crltlcal 1n these experlments (239), 1t was decreased from“'”‘

1 mM to 0 11 mM as shown in the tled experlment _ No_« ,f‘”?;m“"

"\ AR i 7
. concentratlon or 1ntermed1ate concentratlons of arachldonlc,

) - - . B ks
. . L T A DRt . e

. ._‘-a.‘.‘:ld ." T L - . PR .-' e N S, . e - ‘ ‘:‘A. o Dl A

. - “w an L e -

It ‘hds been preV1ously reported "By Ekstedt et-al (81)ﬁ

-

and Ollvecrona and Oreland (236) that~an10nac phosphellplds v

--.,.. ..

b1nd ‘more readlly than-zwltterlonlc phosphollplds to 11p1d-

depleted m1tochondr1al resldues.. 1t ‘was therefore dec1dedfT’

v - P -

1% - e

AP . S
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Table 15 o .

o Condltlons used 1n studles on the effect of arachldonlc o
acid. on the 0t1dat1ve deamlnatlon of tyramlne by

lean mouse. llver mltochondr;a

‘ Expt ~“Buffer © pH_"‘cdnc; of ... Temp. ( C) : ¢ Pre-incubation .
No. . oo sl 20:406  Pre- incubation = Assay time (min) -
S ~ - (mM) ' ) : " : ' o

‘1 . potassium - 7.5 1.00 R £ € N
"~ . phosphate . S ; .

‘2 “lpotassium  7.5° 1.00 0-4 . 22, 1o
‘ ph-osphate _ _ . . S

i 74 'se . potassium 75 o011, 0-4 370 g
L : phosphate: _ o T

T4 fristHCL &1 0.11 0-4 -, . 37 s

S5 - Tris-HC1- . 8.1 0,11 YA 37 . 1s”

: The spec1f1c activity in the control: tubes was 5.40 + 0.40, and no.
_change was observed under the condition outllned above '
k AbbreV1at10n ' 20.40 m6 -'arachldonlc acid.
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to'herfomm,the experiment ﬁeingha Higher pH,'S.l;_Which &as"'
“TSuccéssfullywused byféfly.and Schramm(239] in a:similarr
experiment on'a'diffément sfstem. It was hopea that at this
PH the arachidonate ion wouldlaptach ifself more readilﬁfto
‘the: mitochondrial membrane. However, ho physiologically -
51gn1f1cant increase in act1v1ty was observed under. these
conditions. Improvement was not reallzed by 1ncrea51ng pre—
incubation time or temperature

‘ In experlments with- 1ymphocyte membrane preparatlons,
Klaosner et al. (177) observed that after 1 hour; most of theo,
. fatty acids (78“) 1ncorporated into thermembraﬁes were still
1n the unesterlfled form . The above results may suggest
. that araphldonlc aC1d enhances mAO activity only.when
';ncofporafed into phospholipid‘molecules. In this respect,
Sandermann has.oited the importance of the interaction
,‘hetween 11p1d head groups and polar amino acid 51de chaln
"in the formatlon of enzymatlcally actlve llpoproteln complexes.
It has heen demonstrated, for instance, that lipids mlth
mobile fatty acid chains will only. actimate lipid—dependent
CSS 1sopren01d alcohol kinase when they have suff1c1ently

~hydrated polar head groups.(269).
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IT. OXYTETRACYCLINE-TREATED LEAN AND OBESE MICE: '

(i) RESULTS:

~ A. Substrate specificity studies ;?_;ﬂ L

1. MAO activity in liver'homogenates;from'OTGQtreatedimice“andf

their controls

- Lean and obese mice were treated as descrlbed 1n Methods

(section {II. A.) -Since the purpose of thls etperlment was

to-determine ‘total MAO act1v1ty, the’ assay was performed on . the"

600 x g supernatant rather than the mltochondrlal fractlon L

used in the prev1ous experlments
| Table 16 shows that - oxytetracycllne treatment decreased

total MAO act1v1ty of the. obese mice to thedsame level as
the nonﬁtreated.lean anlmalsr Thls decrease 1n enzyme act1v1ty
'ﬁas accompanied.hy a dramatic rednctlon in ‘the Welght and -
protein content of the liver of the'obese&mioe ' Although
a sllght decrease in the liver welghts of food restrlcted
anlmals was noted, changes observed in the OTC- treated obese'
“mice did not appear to be attrlbutable to decreased food.
intake since values in the.food%restrlcted group were not
different from those found for'thelcontrol‘obese“mioe.

The specifit activity'of the enzyme in treated obese.
_mice was reduced to 699 of that in the non-treated obeSe 3

group, Treatment of the lean mice decreased spec1f1c activity

~to 74% of that in the non-treated lean‘anrmals. The decrease'

?

3
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Table 16

 Monoamine oxidase activity -in oxytetrecyclineftreéted

"animals and their controls

Treatment‘- : Liver wt. Protein/ MAO Activity :
. - ' (g) - . ‘Liver Unlts/leer Units/mg
a o - (mg) L protein
©* Lean '1.6120.01  120.2%#2.35 148.3:1.30  1.24%0.03

non- treated; : ,

. o f |
Lean s ©1.13+0.01 - 101.2:1.80° 93.2+¥3,65 . 0.92x0.02
OTC- treated c . . C

(¥2]

[ LY
o
Vsl
1+
L

' Obese - 4.05:0.07 .40 869.6:1.65 . 2.39+0.04

- non- treated C )

" Obesé - 1.61£0.03 ' 104.3¢1.95 175.1:4.35  1.2840.04
‘OTC-treated ' : '

Obese . - 3,10£0.01  336.4%5.30  770.9%9.40  2.33%0.02
. food-restricted . : ‘ ‘ o '

AValues given-are meaﬁs * SEM for two separate experiments.

Four animals per: group were sacrificed by decapltatlon Livers
~were removed, weighed, and homogenized with'9 volumes of
isolation medlum pH 7.5. The homogenate was centrifuged for

" 10 minutes at. 600 x g. The pellet was discarded and the

Usupernatant containing most .of the MAO act1V1ty was assayed
_u51ng tyramlne as the substrate.

Abbrev1at10n OTC - oxytetracycline.
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in'weight and protein-content of treated livers in the lean:
mlce was very much less than that observed 1n the 11vers of

trgated obese mice.

I. (i) A. 2. Subcellular fractiopation studies:.

It has been reported that MAO is syntheqlzed on
'cytorlbosomes and then. later 1ncorporated into mltochondrla "(.
(109}, so that the mlcrosomal MAO may have a precursor pool |
;relatlonshlp to the mltochondrlal MAO.

| _The tetracycllne antlblotlcs have'been'reported.tO'
'inhibit'protelnfsynthesie in cell- ree preparatlons of rat
ellver by preventlng the transfer of amino ac1d to the ribosomal
iproteln (97) “In addltlon- oxytetracycllne»has been reported
pto inhibit mltochondrlal pr0t81n synthe51s in rap1dly
prollferatlng mammallan tlssue (73 136) It waS'of-lnterest,
ftherefore to determlne and- compare the effect of oxytetra—
cycllne on MAQ act1v1ty in the dlfferent subcellular
fractlons |

The results obtalned 1n thls study are summar1zed in

¢
i

Table 17. Although a 51gn1f1cant percentage of the activity
is found in the mlcrosomal fractlon ‘the major partﬂpf_the
act1v1ty (77 - 85 ) sedimented w1th the mitochondTia in
both'treated and non-treated'mice ‘This‘ishin~agréement
with, publlshed results on adult rat llver homogenates (21)

"The data obtalned showed that the effect of OTC- treatment

prev10usly observed 1n mltochondrlal preparatlons was also

1



"activity in livers Qf,oxytétracylihe—treated3leén_“

Table 17« ’

3 B 5

 Subcellular distfribution of ‘monoamine oxidase

and obese mice

S
W

_Group.‘ Specific activity (uﬁits/mg protéin)
‘Homogenate ~ Mitochondrial Microsomal ‘Soluble’
' fraction ‘ fraction- fraction

lean, non- 1.32 . 5.37 ' . 1.59 no activity
treated S .

lean, OTC- 0.80 C3.37 0 0.75 no activity
treated ' _ '

obese, non- 2.95 - 10.48 2.32 no activity
treated . - : '

‘obese, OTC 1:90 7.44 1.32- no activity
treated '

Values represent averages .of assays done in duplicate on samples pooled

from livers of 4 mice per group.
the Methods section (VIII), using tyramine as the substrate.

Abbreviation: OTC - oxytetracycline.

{

Assays were done as described in
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manifested in ‘the microsomal fraction,

Il (i) A. 3. Mitochondrial manoamine oxidase activity in the

liver and brain of OTC-treated mice and their controls:

It was of interest te make e comparativelstudy efrfhe
effect of‘oxyteﬁracyeline treatment onlthe liver and: a tissue
in which there is‘no.difference ih MAO activity between
non-treated lean and obese mice. The brain was choseh for,
this study, and the assays were ~performed on the mltochondrlal
fraction. A decrease in the spec1f1c act1v1ty of MAOQ was
observed in the mltochondrlal fractlons of livers from
OTC-treated mice, whereas the brain mlto;hondrlal preparetions
did not show any significant change with treatment in either
lean or obese animals (Table 18).

This difference in the effect of oxytetracycline in the
two tissues may reflec; the distribution of fhe drug ‘in the
body. The tetfacyclinesareiremoved from the blood by'the
liver (338}, and then excreted into the intestine by way of
the bile. The tetracyclinesdiffuse into the brain but their
concentration in this tissue appears to depend on their
lipid solubility,,whereas in.the liver there does not seem
to be a distinct relation between lipid SOlUblllty and
concentration. Thus, Barza et al.. (16) have shown that
oxytetracycline, the least lipid-soluble of the four
tetracyclines they studied (minocycline, 'doxycycline,

tetracycline and oxytetracycline), accumulates in the smallest

J
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Table 18

- Mitochondrial monoamine oxidase activity in the

‘liver and brain_of oxytetracycline-treated

mice and their controls

hY
Group ' C Monoamine Oxidase Activity
c : units/mg protein
Liver ' : Brain
- Lean .
Control ' . 5.85 % 0.50 5.27 £ 0.09
OTC-treated . . 3.83. ¢ 0.12 5.23 + 0.13
Oﬁege'
_ Control . 10.25 + 0.81 5.64 * 0.14
OTC-treated g 6.88 & 0.45 5.92 + 0.21

Results shown are the means # SEM of 2
on organs pooled from four animals per
activity was assayed using tyramine as

are defined in Section VIII of Methods.

individual experiments
group. Enzyme
the substrate.. Units
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amount in the braln but does reach'the'highesf concentration

_1n ‘the liver. 33
IT. (i) A. 4. Activities of mitochondrial marker enzymes in
—= — , —

the liver of'oxytetraoyclihe—treated lean and obese mice dnd

their controls:

.In order to establish'whether or not the effect of

Y

oxytetracycline was-also manifested on;other mitochondrial-
enzymes, the act1v1ty of cytochrome c oxldase a m1tochondr1al
marker ehzyme, was determlned in OTC- treated mlce and thelr_.
controls. The results of thls.erperlment are summarized in
Table‘19. Whereas the spec1f1c act1V1ty of MAO was’ agaln
observed to be lower in the oxytetracycl1ne treated anlmals
no 51gn1f1cant dlfferences in the specific act1v1ty of
cytochrome ox1dase were observed between the treated an1ma15'
and thelr controls Thus, it appears that not all llver
mitochondrlalzenzymes are affected in the sameﬂmanher by-

OTC.treatment.

';IIt (i) A. lSt Substrate specificity:

o Some drugs e g‘ thyrox1ne, have been reported to exert d
a dlscrlmlnatlve effect on monoamlne oxidase act1v1ty (323)’.
.iwhlch varied w1th the substrate used .in the enzyme assay.
Lyles and‘Callingham'(lQQI observed that cardiac'MAO activity
'was increased by 47% when tyramine ‘was used as’ the substrate,
but only by 19% w1th benzylamlne as the substrate In young

thyr0x1ne-treated rats, Tong and D'Iorio (323)‘noted that the
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- Table 19

3
Activities of mitochondrial marker enzymes in".

the 1liver of oxytracycline-treated lean'and-obese

mice and their controls - | .
Group . _Enzyme Activity Mitochondrial Protein:
) (units/mg protein) ‘(mg/g live{)
. Monoamine  Cytochrome ) '
oxidase oxidase
Lean, ° 5.40%0.44 1.80£0.02 . . 5.74%0.26
non-treated . . .
Lean, 3.55£0.1d*% 1.85#0.15 - 5:89%0.27
OTC treated .- L ‘ ) K
Obese, = .  9.§9%0.14  2.10%0.10 5.84+0.15.
. non-treated : y ' ’ T
Obese, . .  6.90:0.19% 2,01:0.19 - 4.53:0.16%*

‘OTC-treated

Units of enzyme activity were defined in the Methods section.
Monoamine oxidase was assayed with tyramine as the substrate. o
Values glven are means SEM of individual experiments each T
assayed in duplicate. Mltochondrlal fractions were prepared 7

from tissue pooled from 4 to 8 animals per group.

* P.< 0.05, ‘when compared with non-treated animals.

*#% P < 0.001, when compared with non-treated obese mice.
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: effect was also observable 1n the case of oxytetracycllne

h group'(P'<- 005) i?However Wlth serotonln, no 51gn1f1cant

.'anlmals.; These results would suggest that_Qxytetracycllne

.experlment,

concentratlons of" clorgyllne ranglng from 10 -9 to 10

o n s - S e - LA - oh D Ve

decrease in. llver MAO act1v1ty was 20% w1th serotonln and 44%

- “ & .k

e, a}- e

.with. benzylamlne. In order to deterane 1f thls dlfferentlal
' . “,‘_ T b o e

o

the enzyme act1v1ty of liver mltochondrlal preparatlons was

assayed uslng three substrates- tyramlne serotonln, and'

-

benzylamlne The results obtalned are presented in Table 20

AS 1n prevaous experlmEnts when tyramlne was used as the

- . A
‘. . . '

'substrate the Hecrease in spec1f1c ‘activity was 32'EL in

- rl S -
w. - “a s

OTC treated lean mtce (P < 005) and 29% 1n treated obese

N

'anlmals-(P_<‘ 001) Wlth benzylamlne ‘a 22% decrease was

observed thh obese mlce (P < 001) and 27Q w1th the leanrf-

LR,
u" - I

dlfference was observed between treated and non- treated

eterts a dlfferentlal effect -on llver mltochondrlal monoamlne

| oxldase act1V1ty towards the substrates utlllzed in thls‘

LS

L

(1) B. Studles on: the mechanlsm of actlon of oxytetra-

cycllne on monoamlne ox1dase

id” Inhlbltor studles

Inhlbltor dose response studles were carrled out w1th

3M and

. -

enzyme act1v1ty was, assayed u51ng tyramane as the substrate
The results obtalned (Flgs. lO and 11) showed no 51gn1f1cant

dlfference in 1nh1b1tor sen51t1v1ty between non treated and

- - C - '
28 g . .

me.,
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Table 20

obese mouse liver mitochondrial monoamine oxidase

¢

B bt

Specific Activity

ﬂvalués_giveﬁ~are

E groups'studied

‘means % SEM for five

All assays were done

Grqup.
o nmol/min/mg of protein
' Tyramine._'," Serotonin ~ -~ - Benzylamine
Léan, - . 5.72 %+ 0.41 ¢ 0.85 % 0.05 1.55 + 0.06
non- treated - . '
Lean, 3.87 + 0.08% 0.81 % 0.02 1.13+t 0.05%
OTC treated . > _ '
Obese, 9.8z 0.14 1.30 £ 0.03 2.51 £ 0.08
non- treated-"‘ : S : : T
| Obese, - 0 6.92 & 0.41% '1.26 & 0.05  1.97 % 0.08%
"OTC treated."' ‘ .

animals from each of the
in duplicate.

kP 4'0:005 when compared with- controls

f:Abbre\rlatlon OTC - oxytetracycllne

P ¥

L
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" Monoamine oxidase inhibition (%) -
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Figure 10. Inhibition_in vitro oj iearL mouse Ilver mltochondrlal monoamine

oxidase aclivity by clorigylmes 0'— 0, non- 1reated X — X, oxytetracycline--

treated.

1.

' .Mitochondrial preparations were.;pre-incubated at 37°C for 10 minutes in the

presence of different cencentrations of clorgyline before adding the substrate. -
" Controls were pre-incubated under the same conditions in'the absence of -

‘inhibitor. Tyramine was used as the substrate for the enzyme assays whlch

\

were carned out as described in the Methods seclion (VIII)

The results given represent means of wo separate experlmenls done in
: lrlpllcale for each group



5

_Monda'mine oxidase "f.‘ﬁibilion"("/'o)-"
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-9 -8 =7 —6 -5 -3

K o "log [Clorgylme (Mﬂ/ R

.. Figure 11. 4Inhibition_in_vitro of obese.mouse liver milochondrial mgnoamine
oxidase activity by clorgyhne O — O, non-treated; X — x oxytetracycline-
treated . .

Mltochondnal preparatlons were pre-incubated at 37°C for 10 minules in "the

'presence of different concenirations of clorgyline betore adding ihe substrate.

-Controls were pre—lncubated under the same conditions in the absence of
“inhibitor. Tyramine was-used as the substrate for the enzyme assays wh:ch '
were carfied qut'as descnbed in the Methods sectlon villy:

_ Theé results glven represem means. ol lwo separate- expenmenls ‘done in
E tnpl:cale for each- group\ :
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”-OTC~treated-1ean and ohese mice The observations in this

~'-study also support our preV1ous flndlngs (cf Results and'

'Dlscu531on sectlon I B ) that 11ver m1tochondr1a1 monocamine

ox1dase in thlS straln of mice is predomlnantly of the B- form,

-

I.'(i) B 2. Kinetic:stﬁdies-'

. -Slnce the obserVed decrease in MAO act1v1ty 1n OTC treated
mlce may be due to an alteratlon of the klnetlc propertles of

:the enzyme the v at and apparent K of the enzyme towards the -

:'asubstrates affected by the treatment ‘1 e. tyramlne andw

benzylamlne were determlned for both groups of mice.]

oIt appeared from the Llneweaver Burk plots of the data
-:from thls study (Flgs 12, l- ~14 and 15) that treatment w1th
"toxytetracycllne d1d not alter the afflnlty of MAO towards
tyramlne or benzylamlne, since: the K values for "the enzyme
from treated mice were 1dent1ca1 to those of the non-treated
3:groups -However the Vv a¥ values for both substrates were

‘decreased by 0TC treatment (Table 21)

II. (i) B. 3. Direct inhibition of MAO activity:

The observed decrease in liver mitochondrial‘MAO'activity
after the administration of QTC may be the result of direct
enZYme7inhibition by the drug or an endogenous inhibitor

-'prOdUCed byVOTC_treatment of the intact animal.

a. Mixing experiments:

The latter possibility was testedlby mixing mitochondrial

§ ¢
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y[g)= 171/mM ‘

Figure 12. Effect of substrate concentration on the oxidative deamination of
tyramine by liver mitochondria from nontreated lean mice (O — O) and
OTC-reated lean mice (A — A). Assays were done as described in Methods
(Section VIll). o T . '

s
LY
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1/[5'_]=1/n5M

. Figure 13. Effect of substrate concentration on the oxidative deaminatio‘n of
‘tyramine by obese mouse liver mitochondria. O — O, nontreated; A — A,
OTC-treated. Assays were done as described in Methods (Section Vlil)..
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Figure 14. Effect of subsirate concentration on oxidative deamination of
benzylamine by lean mouse liver mitochondria. O — O, nontreated; A — A,
OTC-treated. Assays were done as described in Methods (Section VIIl}.
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1[S]= 1/mM

. Figure~15. Effect of substrate concentration on the oxidative deamination of
benzylamine by obese mouse liver mitochondria, O — O, non-treated; & — A,
OTC-treated. Assays were done as described in Methods' (Section Vill).

ANy



Table 21
Kinetic constants for tyramine and benzylamine
pxidation by liver mitochondrial MAO in .
% oxytetracyclineitreated mice and their controls
,:‘.f)'
Group o K ‘ o v :
‘ m max .
7 - (uM) C : (units/mg protein):'
Tyramine .Benzylamine Tyramine. Beﬁleaming .
Lean, 208 335 | 6.14 ~  1.80 .,
control ' - | T ' ‘ | .
Lean, 208 335 4.52 1.44
OTC-treated ' e
Obese, 210- . 333 10.29 3.05
control - S _
' QObese: : . . -210 335 6.54 2,03
OTC-treated _ - ‘ AR

Kinetic constants. were obtained from Lineweaver-Burk pgﬁt& of
substrate concentrations vs. initial reaction velocities. .
Substrate concentrations ranging from 1 to 10-3 M were used,
U%;ts "of enzyme activity were defined in Methods (section
VIII). ' B _ ' : :

Abbreviations: 'OTC - oxyfetracycline
_MAO - monpamine oxidase

r
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brebarations from the livers of non-treated animals with the

- cytosol from the lean treated or. obese- treated group, prior

to assay for enzyme act1v1ty. Our results (Table 22) showed f
that the mitochondrial_MAO activities of_control anrmals were .
not affected by the soluble fraction from the OTC-treated
animals. ‘This observation would rule out direct inhibition

of the enzyme by a soluble inhibitor in the livers of OTC-

treated mice,.

b. In vitro inhibition of monoamine oxidase by oxytetracycline:

. The purpose of this study was to-determine whether or'not
oxytetracycline can exert direct inhibitory‘action On monoamine
- oxidase that has already been incorporated into the mitochondriai
membrane. The antibiotic (O.S'mmoles/mg pro;ein) was added
to mitoohondriai preparations from non-treated-animals, and
thehresulting mixture was pre~incubated at. 37°C for:SO'minutes,
prior'to-assaxﬁpf‘MAO actiuity.l | .

Whereas a small decrease in enzyme act1v1ty towards
serotonln was observed in EEEEE» no 51gn1f1cant decrease in
. act1v1ty was observed towards tyramine and benzylamlne in
both 1ean.and obesefmlce (Table 23), in contrast to the o
results obtained earlier in the in,vivo'experiments.

The concentratlon of oxytetracycline used in thlS study
represents the maximum amount that 'would go into aqueous
solution at pH 7.4 (1 mg/ml)._ Other investigators (73, 136),

using twice as large a drug dose as that used by us in the
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Table 22
’ \ ) .
Effect of the cf%osol from'oxytetracyclineutreated
animals on liver mitochondrial MAO activity -

.in non-treated mice

Specific Activity
(units/mg of protein)

Fracfion S : 1 | Lean ] Obese
Mitochondrial fraction 5;56_ o 8.18
Mi;gggoggéiiitgziit%on + AS;?O' ‘:l 5.12
Mitochondrial fraction + .  5_35 . - 7;86

obese OTC cytosol

The experiment consisted in mixing 1 part of mitochondrial’
- fraction from non-treated animals with 7 parts cytosol from
either the lean-treated or obese-treated group. Enzyme .
assays were done as described in the Methods section (VIII),
using tyramine as the substrate. :

Abbreviation:L_OTC - oxytetracycline,
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Table 23

. - '.V ’ ' ! & ’ - ’
. In vitro effect of oxytetraéycllne on.lean and obese

mouse liver mitochondrial monoamine oxidase.

Specific activity (nmol p§oduct/min)
mg of protein

Gfoup' Additions - Tyramine | Serotonin Benzylamine

Lean " none 5.22 £ 0.26  1.32 * 0.01 1.39 + 0.67

Lean . 0TC T 437 £°0.17  1.02 & 0.05%  1.73 x 0.13

Obese  none 10.05 £ 0.06  1.58 £:0.05 . 2.47 & 0.06 -

Obese S OTC- . 9,16 % 0.93  1.42 = 0.082  2.07 £ 0.17
‘ (1mg/ml) ' ' '

' ! _ .‘ ' . ‘
Values given are means * SEM for three samples pooled from 4 to 6
animals for each group. ' s L

~

1Significantly different from lean control group, P < 0.025,

2Significantly different from obese control group, P < 0.02,

Prior to enzyme assay, oxytetracycline was added to the incubation

mixture to achieve a concentration of 1 mg OTC/ml. The resulting
mixture was pre-incubated at: 37°C for 30 minutes, then assayed -
for MAO activity as described in Methods (Section VIII).

Abbreviation: OTC - oxytetracycline.

By
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of 6 ug OTC per ml of serum in treated animals. It appears, |
therefore, that the above obéervations in vitro would argue
against the direct inhibition b& OTC of the tyramine- and ,

benzylamine-specific MAO activity in the intact animal.

JIT. (1) B. 4. Fatty acid composition of obese mouse liver

. mitochondrial phosholipids:

Oxytetracycline has been previously reported to alter -
:lipid metabolism in obese-mouse liver (22, 23), %hd'siﬁce_u
another aﬂtibiotic, chloramphenicol, has beén sﬁgwn to
inhibit and alter the acylation of pﬁospholipid'précursors
in BHK-21 cuitured cells (189), it waé thought - that OTC
treaément,might-produce significant changes in the fatty
acig'compoqition of liver mitochondrial‘phospholipid% iﬁ the:
" obese mice. | | ’ ' |
These studies wefe done on\OTC-greated mice and tw6
groups of controls - the non-treated mice and the food- . . -
restricted Controls. The resuits-which had beén oBtained_ﬂ
. with nothreated mice (cf. Tables 24, 25, 26 and 27)
suggested that arachidonic acid may be'reSpOﬁsiBfg for the
- enhanced MAO'agtit%ty in obese-mouse ii#er‘mitochqndriaf'
Arachidonate 1is syﬁ%besized from linoleic:aci&; an esseﬁtiai
_fatty acid. Since p?@yious iﬁvestiggtors [23)1have observed
th;t OTC-tfeafed mice ébﬂsume aﬁprOXimately 25% less food

than non-treated mice, it was considered important to

N

' iﬂ_vivo_treatmeht of -mice with OTC, réport a’'drug .concentration L
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*, Table 24

Fatty ac1d comp051t10n of phosphatldylchollne in
11ver mltochondrla of oxytetracycllne treated obese mlce'

C and thelr controls

1

fcld S B Obese _75 ' Obese, ‘ ‘Obese,
CL non- treated_ - food-restricted OTC-treated

SRR T S R ol

L1650 236 : 1.3 23.0 + 2.40 .- 21.0 4 2.04 °

16:1 @{ff.;'<1 T - <1 ' Co<1 h

.70 . 22.4 % 2,06

I+

o

I+
=

t;,18501?.__ °23.8 .94 216

I+
et
+
[aw]

Ledsnl U vU207 2 112 L 1.2 % 0060 13:0 % 0.58
1852 L l9.4% 0,27 10.8' % 0.40  14.3 £ 7.54%

D LR IR LR 0 SR

I+

H
=

U200 T 164 £076 0 - 1708+ 1,400 15.8 5 1.73

22:6% v . 9.2

PRk s

0.40) . 1104 ¥

I+
o

30, 0 1100 £ 2.1z,

Results glven réepresent means * SEM of three to five different
"-samples, and are expressed.-as percentageé of’ the total fatty
.ac1ds 1n the phosphatldylchollne fractlon

o Abbrev1atlons OTC - oxytetracycllne Fatty ac1ds ‘are de51gnated

by-the number of ‘carbon atoms:and double bonds in the chain.

~Thus, palmitic acid is de51gnated as 16:0, whlle linoleic acid
is: de51gnated as 18 2., - :

*Slgnlflcantly dlfferent from non treated group, P < 0 05
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7 ;i “Table-ési o
“%; Fatty acid compoqltlon of - phosphat1dy11n051tol 0 "
-'+ phosphatldylserlne in llver mltochondrla of- |
T oxytetracycllne treated obese mice and their controls
.f-i;Fétiy'f'  ﬂ~. : f . Group
CoAeid "~ Obese,. - . Obese, - Obese,
'~ ..~ non-treated . = . food-restricted OTC-treated
'f;isib“ 1005 £ 1,74 . U8.6% 1.05 8.2t 1.79
-‘v i6Ei  g'J o - .<1 o - <1
'isgq“ig" . 45.0 & 2.82 4502 % 2.00 50.0 £ 1.67
1801 . 6:8 & 0.76 8.3 +1.80 8.9 £ 1.66
18;2 e _2;8g¢-0549 - 3.6 £ 0.20 | 3.2 £ 0.98°
| 1853 ” -"   '3 0 o N 0 c 0 -
C20:4 . 28.8 % 2.90 25.4 + 2.95  24.5 & 4.85
22:6 . 4.2 % 0.40 3.5 0.54 3.8 % 0.50

. _ T .

-Values given are means * SEM of three to five different samples,
and are expressed as percentage of the total fatty acids in the
phosphatidylinositolj& phosphatidylserine fraction.

_Abbreviations: OTC/Z.oxytetracycline. Fatty'acids are designated
by the number of Earbon atoms and double bonds in the chain.
' Thus, palmltlc acid is designated as 16 0, and oleic acid as

I3
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Table 26

“ Fatty acid composiiion of phosphatidylethanolamine +

phbsphatidylglﬁferol in liver mitochondria of

oxytetracycline-treatéd obese mice and_their.confrols a "
S i

3

Fatty . . Group - N

3Cid ~ Obese, . Obese, _ Obese, - _§<:
non-treated food-restricted . OTC-treated

T T o a . a

16£0_n 13.9.+ 2}24 - 11.8 * 1.25 14.1\t 0.68

16:1 L <l . <1 <1

18:0 34.5 £ 4011 32,4 % 2.40 31.0 + 2.54

18:1 1007 0.94 | 9.5 t 0.46 9.6/t 0.60 ’

18:2 -"4f5 + 0.61 3.3 4 0.50, _ L 5.2 s 6;62

1-8:3" . 0 o 0

20:4 22,7 % 2.24 ©36.6 +.1.10 - 24.2 £ 0.69

22:6 . 16.0 £ 2.80 4.4+ T4 13.4 + 1.62

Values given are means = SEM of three to five different samples,
and are expressed as percentage of the total fatty acids in the

‘phosphatidylethanolamine + phosphatidylglycerol fraction.

. Abbreviations: OTC - oxytetracycline. Fatty acids are

designated by the number of carbon atoms and double bonds in

. the chain. Thus, palmitic acid is designated as 16:0, and oleic -
acid as 18:1. S : - '
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Table 27

N

Fatty acid composition of cardiolipin -+ phosphatidic

-acid in léver-mitochondriafof oxytetracycline-

treated obese mice and their controls

Values given are means 'S
and are expressed as percentage of the to
cardiolipin + phosphatidic acid fraction.

Abbreviation: OTC - oxytetracycline.

by the number of carbon- atoms and doub
Thus,
18:1..

+ 'SEM of three to five differenf:samples,
tal fatty acids in the.

R
— -

‘Fatty . ' ] - Group

Acid . _ - Obese, Obese, ' Obese, -

‘ . -non-treated food-restrigted OTC-t;eated'r
-14:0. o« < BRI
16:0 C12.2 %220 1006 £1.60 1195 1.04
16:1 - | 4.9 ¢ 1.34 §. = 3.1%0.55 ‘li.i: 2.1 &£ 0.17.
18:0 ‘17.0 1‘1;11 6.7 £ 0.65 © 9.7 & 0.29

- " P < O;OZ "Ti'
1811 28.6 % 2.95 2004 % 0.80. . 19.9 = 139

i P < 0.05
13:5 35.0 5,13 423w 4.25 37.7 + 2.54
18:3 0 - 0 0
20:4 7.7 + 0.98 4.8 + 0.40 6.3 +°0.81

_ P < 0,05 ‘
22:6 4.6 +0.80 4.8 : 1.00 5.4 1,10

Fatty acids are'designated ‘
. le bonds"in the chain.
~palmitic acidfis designated as 16:0, and oleic acid as
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include a group of food-restricted controls in the study,

These anlmals were allowed to consume only 4.5 g of Purina

Chow per day, the reported average/’ally consumptlon of OTC—

treated mice (23). )

The data from this eeries of experiments are presented

in Tables 24, 25, 26 and 27. Treatment produced an increase

in linoleic acid in PC, whereas food restriction resulted in

a decrease in arachidonic acid and oleic acid in the CL + PA.

fraction. A éreater amount of stearic acid in the CL + PA

fractlon was observed in the OTC treated mice as compared to
the food- restrlcted animals. No changes were observed in

the PI + PS. and PE + PG fractlons Oxytetracycline treatment

E-dld not result in a significant decrease in arachidonic acid |

kin.an;~of the fractions studied.

Cardlollpln has been reported to be localized predominantly
hon the inner mltochondrlai membrane (54), and it is generally
belleved that monoamine oxidase is bound to the outer membrane
i(273) Therefore, it may not be possible to relate the

';changes in the CL + PA fraction to the decrease, in ‘MAQO activity

_hrought abdut by OTC treatment. |
| | Linoleie acid is an essential 'fatty acid, and cannot,

_therefore . be, synthe51zed endogenously by the obese mouse.
Purlna Chow has a hlgh 11noleate content (cf Table 2);
however the observed increase in linoleic acid cannot be
attr;bqted.to an enhanced;food 1ntake; since as c1ted_earlier,

OTC-treated obese mice have been found to ingest less food

]
*



 tﬁan theip_hoﬁ%tégﬁted éounterﬁafts‘ The rise in linoleic
acid conteﬁf in'thé PC fraction may reflect an enhanced
acylation‘of phosphatidylcholine by linoleic acid and/qua
block in the bidsynfhetic pathways that usé linoleic acid as
a precursor. | 7 | |
Arachidonic acid is the fatty acid that was‘féund td be
present in sighificantly greafér quantity in the-PC, Pé_+ PG,

and PI + PS fractions of non-treated obese-mouse liver

v, i - ' ' . '
mitochondria when compared to lean-mouse samples. Sirnce there

was no significant decrease in_afathidonaté, it appears that
OTC treatment produced the observéd decrease in MAO activity
by a mechanism that does not seém to 'involve an alteyation of

L

mitochondrial fatty acid composition.

'IIl (ii). Discussion:

The effect of OTC treatment on mitochondrial enzymes
appeared to be selgctive. ‘Whereas thé specific acfifity of
MAQ was observed to be lower in the oxytetracycline-treated

animals, no significant difference was noted in the specific

activity of cytochrome oxidase activity. Oxytetracycline hast

been reported to inhibit mitochondrial protein synthesis in

cultured rat heartlcells at concentrations (20 ug/ml)

N

approximately three times that achieved by in vivo administra-
. . B

tion in rats of 200 mg OTC/kg/day I.M. (73). In the intact

animal, a decrease in mitochondrial protein has been observed

in rapidly proliferating tissue such as the regenerating

e ta ——r
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\ liver of partially hepatectomized rats (73), or brown adipose
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///
tissue of rats duraing cold acclimation t£36).‘ In the.liver
of treated obese mice, a 22% decrease in mitochondrial
protein on a per-gram-liver basis was observed,whé;eaS"no
decrease was ObSGFVB&’Tn pfeparétions from treated lean
animals. In thié respect, Himms-Hagen (136) observed that
;n cold-acclimated rats, oxytetracycline treatment decreased
the activity of cytochrome oxidase in brown adipose tissue,
but not in liver or muscle, and has attributed this response

to a preferential action of the drug for rapidly dividin@?r

-tiﬁsue. Thus, the differehce in response between lean and

obese mice may be associated with the hyperplasia that has
beengobﬁerved in opese—mouse liver (84).

It has been previously cl;imed that the mitochondrial
protein-synthesizing system is involved in the formation of
enzymatically active or spectrally recognizable cytochrome c
oxi&ase_(73). “Although dne could reasonably predict a decrease

in total activity of cytochrome oxidase in treated obese

~animals due to the decrease.in mitochondrial protein, a change

in specific activity would result only if factors other than
thé decrease in mitochondrial protein also affect enzyme
activity subsequent to oxytetracycline treétment. It has
been reported that tﬁe époprotein of cytochrome oxidase is
synthesized on the cytoribosomes {(73). Since the:e was no
decrease in eniyme specific activity in treatéd 6%@se

animals, it appears that the in vivo OTC treatment did not



-149-

affect the synthesis of the enzyme on the cytoribosomes,
Treatment also had a differential effect on MAO activity
which varied with the substrate used. . A decrease in specific
at;ivity was observed towards benzylamine and tyramine, but
not towards serotoﬂin. As cited in Section I.B.'of Results A
and Discussion, it appears that lean- and'obese—mouse liver
MAO is predominantly,‘br Fven exclusively, Form B; It was
also noted that the observed activity towards serotonin which
is generally regarded as a substrate fbr Form A, could be due,
tngorm B of MAO. The difference in response between
serotonin- and the other amine-metabélizing activities to _
in vivo treatment may suggest a difference in the mechanism
of drug action towards these substrates. It is probably v
relevant to recall the difference in structure ﬂetween
serotonin and the other amines used in these_egéeriments.
Serotonin possessés an indole nucleus in contrast to tyramine
and benzylamine which have a benzene nucleus. Since the data
obtained with the non-treated mice sugges%s that the same
enzyme species is involved in the deamination of serotonin,
and there is no apparent redson 'to conclude that differenf
active princip1es were produced by treétment, it is not
inconceivable that the diécriminative action observed i& vive
‘is due to the difference inlstructures?;f-the‘amines used in

the study;

The decrease in activity-fowards benzylamine and
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tyramlne did not appear to be attrlbutable to a chan
afflnlty of MAO towards these substrates; since the apparen
Km values were not altered in the treated anlmals.-_Furthermore,
the decreased enzyne activity towards these amines in the
intact treated anlmals d1d not appear to result from a
direct 1nh1b1t10n by OTC or from an . endogenous 1nh1b1tor
resulting from chronlc treatment W1th.the'drug The
differences in m1tochondr1al MAO aCtIVIty betwéen treated and
non-treated mice cannot be etplalned on ‘the. ba51s of a
dlfferent 1ntracellular dlstrlbutlon of the enzyme, 'since the
-pattern of dlstrlbutlon of act1v1ty was similar in all
subcellular fractlons tested from treated and non- treated
animals. N

The antibiotic'chleramphenicbl has been reportedato‘
inhibit rat liver mitochondrial monoamine ox1dase/}h KEEIE
and in v1vo (15). 1t has also been reported_bx,ﬂlpton and
~McMurray (189) that BHK-Zl'cells cultured 1n‘chloramphen1col,
and in particular, the nitochondria of these cells show

reduced labelling of phospholipids with 32Pi, [3H] glycerol,

(14

observation was general to all phosphoiipids of all sub-

C] acetate, [14C] linoleate or [14C] palmitate. This

.cellular‘fractions, and was attrttuted to the inhibition

of mitochondrial and to a lesser extent, microsomal capacity,
to ‘acylate sn-glycerol 3-phosphate and dihydroxyacetone
’iphesphate. ‘Mukherjee and Mukherjee (219) observed that the

'.incorppration of injected 14G-labelled palmitate in liver .
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phosphollplds decreased in the’ 1ntact tetracycline- treated
rat. "In view of theseé publilhed results, and the observation
made by Bégin- Helck et al. (22) on the effects of oxytetra-
cycline treatment on lipid metaboliem-in the.obese—hyperélycemic ~
mouse, it was thought that oxytetracycline treatment mlght |
also alter the‘lipid environment of MAO in liver miteehendria

in the obese mouse.

A

In our work with the non- treated mice, it was objgrved
‘that arachidonic acid was present in much. larger quantity’
in obese-mouse liver nltqehondrlal phosph011p1ds_thanlln the
corresnonding lean.mouse sanples (cf. Tables 11, 12, l3 and
14), and it appeared dlstlnctly possible. that the 11p1d Lo -
denendency suggested by -the results obtalned with acetone-
ertracted mitochondria (cf,_Results'and.Dlscu551en, Section
I.D.1. ) might .be due to this differencef This study.was
undertaken to f1nd out 1f treatment would result in changes
in the fatty acid comp051t10n of 11ver mltochondrlall
phosphollplds and 1f these change§/cvuld be related to

changes‘ln MAO activity. ~-0TC treatment however, did not

aftect‘the arachfdonate EOntent of .any of\the‘phoSpholipid

fractions studie The'changes Qbserved'wereﬁemall and"did
not show a t?End which nould lead ue to believe*that they
'were phy51olog1cally 51gn1f1cant As such “they dodnet

 appear to be assoc1ated Wlth the . large decrease in total

activity of_MAO in the obese mouse to the level of that in’

the ngn;treatedflean mouse.,
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III. COLD - EXPOSED MICE

As etated in section I.B. of the Review of Literature,
biological nembranes ean'be considered as f%p{a mesaics of
varibus'proteins‘imbedded'in, or on the surface of a.
predominantly phospholipid bilayer matrix. This matrix'must
be sufficiently fluid to allow free movement of various
- enzymes and transport,preteins in the bilayer, but must not
be so free-flowing that the struetural integrity of the .
membrane is threetened (217). The degree of fluidity of tbe

-

matr1x is determlned partly by the naturc of fatty acids of .
the membrane phosphollplds (217, 259, 336}).

| “An inverse relatlonshlp between temperature and
fdesaturatlon has been observed’ epeatedly in organlsms
ranglng from bacter1a, protozoa, fungi and algae to hlgher
“plants and-enlmals;‘ This 1nverse correlatlon has been noted
in a_wide;rerietybpf p01k110therms (128). In warm-blooded
aninals, an adjuetment hae .also been reported to take place.
Fox (96) observed that there is a temperzture gradient in
'the legs of the relndeer the‘hlghest temperature being near
" the body, and the 1owest near the hooves. To compensate for
“,thisugradient,'the cells near the hooves have membranes
:whoee pboepholipids ere enriCheg in unsaturated fatty acids.
There seems little deubt.that these phenenena represent

“temperature adaptations on the part of the organisms to

maintain the integrity and function of cell membranes (217).
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? ‘ :
As mentloned earlier, the act1v1ty of MAO appears to be .

‘-regulated by 1ts-11prd environment in the m1tochondr1a1
membrane (30, 43 80‘ 169, 224, 310)' Studies by Trayhurn

.and James (cf. Revrew of Literature section I.C.7) demonstrated
that at 4°C ob/ob mice d1e rapidly of hypothermla because
of a reduced capacity for:heat production. "The same
investigators have shown, however, that survival at 12°C
was longer although the body temperature of the mice dropped
to 3;°C. In thls part of the prOJect studies were done on'
ooldjexposed mice that were housed in.a cold room maintained
at 14 iecjfgr'two_Weeks; while the -controls were maintained
at 24 + 1°C during the same period. Obese mice have been
_reported'to be-h§ﬁothermic'1t 245C5(153 325), Since an
increase in the unsaturatlon of m1tochondr1a1 phosphollplds'
and: enhanced MAO act1v1ty were observed in obese mice at

24 x 1° C 1t!was dec1ded to determlne 1f a further ‘reduction
of thelr Core temperature by Chronlc exposure to cold would
result in a further change in’ fatty ac1d unsatutration ang

liver MAO act1v1ty.-

111 (i) . Results:

A. Hepatic mitochondrial monoamine oxidase activity in cold-

exposed lean and obese mice and their controls:
Monoamine. oxidase activity of mitechondrial'oreparations
from livers of cold-exposed lean and ooese mice and their-

controls was assayed with the substrates tyramine, serotonin
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and behzylamine, as described in Methods (section VIII). Table
28 summarizes the results obtained in this study In both
lean and obese samples, no 51gn1ficant changes in MAO activity

~

were observed towards any of the amine substrates used.

ITI (i) B. Fatty acid composition of liver mitochondrial

phospholipids inrcold-exposed obese mice and their controls:
Inasmuch as chronic exﬁosure of obese miee to the cold

has,been'reported to result 'in a lowering qf'theirlcore
temperature, it was decided to check the effect.of expOSUTe
to 14 + 1°C for two weeks on the fatty scid c0mpositioh'of
the4&§ter mitechondrial phospholipddslof.these animals. The
percentages of the different fatty:ecids eontained'in the
phospholipid fractions studied are presented in TaBle_Zg,
30, 31 and 32. | |

. The percentage ef each fatty‘acidrin the PI + PS and
CL'+‘PA fractiens was similar in preparations of warm- and‘
‘c01d~exposed enimalsDB Howewer, the preportion.of qleicraeid
(18:1) in PC and docosahexaenoic acid in PE + PG (22:6) was'
smaller in samples from cold—exposed animels than in the

controls,

IIT (i) C. Arrhenlus plots of the activity of liver mito-

chondrial MAO from non- treated Yean and obese mice:

*

As stated prev1ously, Trayhurn and James (325) have

1

reported that chronic cold exposure of- obese mice at 12° C

had lowered the1r core temperature to 31 C. Suth a lowering
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Table 28

Effect of Qold-exposure*on liver mitochondri

ST s - . » '
moneonamine oxidase activity in lean’and obese

al

mice

pooled from 4 to 6 animals per group. “Assays were done
triplicate.i Units were defined in Methods- (section VII)

Abbrévi&tion$:7 C, cold-exposed at 14 + 1°C;

‘W, controls maihtaiﬁed,at 24 ¢ 1°C,

-

Monoamine oxidase activity
. units/mg protein
Group * Tyramine Serotonin Benzylamine
W C W C W cC
Lean - 4.88:0.01 3,99:0.21 1.58:0.09 1.38:0.07 1.70:0.11 1.540.07
Obese  11.00+1.61 9.6621.61 12.07+0.12  1.84%0,02  2.34x0,45 2.37:0.44
Values are means .+ SEM of two ihdividual ekperiments on samples

in
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Table 29
Fatty acid comesitioh of phosﬁhétidyldﬁdlinefin
liver,mitochondria.of cold-exposed- obese‘mice‘énd
| their controls
N .
Fatty \ - SR, Group
Ac1d' | Sy e = | .C
14:0° SIS B . ' <1 .
'16:0 © 30.3 & 3.84 28.0.% 2.68
16:1 0.7 & 0.23 - 1.2 + 0.31
18:0 - 29.8 £2.04  ° 34.0 # 3.16"
18:1 © 15,0 % 1.31 0 . 9.8 £ 1.10%
18:2 - 2 9.1.£1.73 i 117 £ 1.73
2004 4 10,141,791 . 78,9 %093
22:6- 5.0 £0.51 . - 5.4 %0.02
Results are means + SEM of two individual éxpérlménfs‘on
4 to 6 animals per group, and are expressed as percentage
of the total fatty acids in the phosphatldylchollne
fraction. . |
Abbrev1at10ns c, Cold exposed. | W, cbntrols. Fatty acids
are designated by the number of carbon, atoms and ‘double
bonds in the chain. Thus, palmltlc ac1d is designated as
16 0, and oleic acid as 18:1. : ‘ "

*Slgnlflcantly dlfferent from controls, P < 0.05.
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.Table 30

Fatty acfdlcompositiqn of phoSphétidylinositol +
phosphatileserine in liver mitochondria of

: ! : - |
cold-exposed obese mice and their controls

Fatty : 1 . Group

Acid | W - o
14:0 . ' L ii.   _ g B - .<1‘
16:0 10,7 = 2.80 - 95k 2.50
16:1 ‘ o :‘<l '1"! | f  | <1
18:0 - :=,?3;6'i-1:?0 o 1 75.6 % 1,53
18:1 . 36+ 0.39 | 3.8 + 0.25
18:2 . f 1.4 + 0,22 N 1.2 + 0.13
18:3 (0 - | 0
20:4 . : Yessize L © 9.4 £ 1,33
22:6 . S 1.2.£0.35 g8 s 0.3

Results are means = SEM of two individual experiments on
4 to 6 animals pPer group, and are expressed as percentage
of the total fatty acids in the phosphatidylinositol +
phosphatidylserine fraction. S

Abbreviations: C, cold-exposed, W, controls. Fatty acids
are designated by -the number of carbon atoms and double
bonds in the chain.' Thus, stearic acid is designated as
18:0 and linoleic acid as 18:2. : i
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_ . S Table 31 . . S
. Fatty acid.composition: of phosphatidylethanolamine + L
_ - .bhoéphatidy1g1YCerol'in'1iver;mitochdﬁdrié of - ‘
N - ..‘ ~_'l l}. . ‘V ) [y ' - »
- cold-exposed Qbesejmice and: their controls = | - .
' ..
v ]
Fatty N LGrowp N
Acid . W N x c
— — — . :
14:0 v B o« -
16:0 134 + 043 0 15.9 + 0,43 ,
. £ R ‘
.‘- . v . -
16:1 <L _ ST o<1y
18:0 . 30:2.% 3.03 0 - 35,5 % 4,58 -V
18:1 17.1 % 2,82 3 16.4 + 0.89 )
. 18:2 0.8 £ 0.01 1.0 * 0.08
9, . o . v
T 18:3 , 0 - 0
_ . X _ o .
20:4 26,7 £ 4.50 . 24,5 £ 2,58 - !}
. o - F
22:6 'ﬁgﬂl,s + 1.05 6,4 £ 1,00% ,
Results are means * SEM of two ihdividual;experiments_on"
4 to 6 animals per group, and are expressed as percentage : '
of the total fatty acids in the phosphatidylethanolamine +
phosphatidylglycerol fraction.. o
"Abbreviations: CJ&§01d~exposed,-w, coﬁfrols. Fatty‘acids -
are- designated by the number of carbon atoms {dnd double bonds v
in the chain. Thus, stearic acid is designa as 18:0, and
linoleic.acid as_ 18:2, S N '
*p < 0.01, when compared with controls, - y
,‘ja @ A ' ) -tg "‘
{ e T *
\ v - b
LS
' 2 ' " ;
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- ' Table 32 . -
. ‘ . T .

[N

e SO S | o
Fatty acid composition of cardiolipin + phosphatidic
étid in;liver mit9chondria 0f cold-exposed

‘obese mice and their controls

-

Fatty - " Group

Acid __, . | W S C

14:0 <1 s 1 <1
1610 o - 9.8 + 1.94 | 12,0 £ 1.72
16:1 1 :o.2: 2.0+ 0.13
18:0 . 8.3 £ 0.64 9.6 + 2.55
C1s:r | & 22.4 % 0.47 19.9 + 2.81
18:2 7 48.9 *+ 3,43 '-.'45.311 3.19
18:3 0.4 0.30 - | 1.4 % 0.68
20:4 . 2.9 £0.27 . 3.1%0,39
22:6 | 4.1 % 0,77 » . 5.3+ 0.85

Results are means * SEM of two individual experiments on
4 to 6 animals per group,' and are expressed as percentage
of the total fatty acids in the cardiolipin + phosphatidic
acid fraction. ’ : . o
Abbreviations: C, cold-exposed; W, controls, Fatty acids

are designated by the number of carbon atoms and double bonds
in the Ehain.@ Thus, stearic acid is designated as 18:0 and
linoleic acid as 18:2, oo -

»



[

" of body temperature would ﬁormdlly-be exPéCtéd to result in

'y aa ey P T TR T

- -160-

T

‘an adjustment of the fatty acid composition of membranes

L

S1nce the changes observed in the- fatty acid comp051t10n of

the llver m1tochondr1a1 phosphollplds were minor, and were (/f*\\\

not accompanled by phy51010g1ca11y significant changes in

MAO;act1v1ty,,1t was decided to check the effect of

- temperature on enzyme activity in samples from non-treated

obese mice. Enzyme‘activity was determined at different

temperatures between 7°-and 37°C. This study was run in

parallel with samples from non-treated lean mice,

 Arrhenius plots _for several membrane-bound enzymes are.

 biphasic or multiphasic, and the .slopes. either intersect
. or are diséontinudus at YWnique transition temperaturés.‘

~These 'break' points, detected either by enzymatic or

physical methods are closely associated with lipid-phase

separatibns within the membrane (143, 308), and the

temperatures at which these occur are related to membrane

composition (284).- The data obtained in this study were

s
anaf}zedby the method of least-squares, and were best fitted
by two intersectiﬂg straight-lines (Fig. 16). .The ttahsition
temperature appeared at 22.9°C for both lean- and obese | .//
mo&ég preparatlons and the values for Arrhenius actlyation \,

-

energy, £, did not differ significantly between the two

‘ o |
groups of animals, above and below this temperature (Table
33).

N
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Figure 16. Arrhenius plots of monoamine oxidase activity in lean- and obese-
mouse liver mitochondria.

Monoamine oxidase was assayed using tyramine as substrale as described in
Methods (section VIII). All points on the plot are the avérage of two
determinations which varied by less than 5% from each other.
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Table 33
Transition temperatures and energies of
activatigh for liver mitochondrial monoamine
ox; ase in lean and obeseimice
-
Group
Lean _ Obese
Transition temperature (°C) = 22.,9°. . 22,9°
Activation energy bélow o 11.4 10,6
transition temperature \. : ‘
(kcal/mol) . )
Activation energy above 5.3 _ 4.9
~transition temperature .

(kcal/mol)

e
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ITI (ii). Discussion:.

'Chronic“co;d éxgpsuré‘did‘nbt alter MAQ activity in the
'1éan,mice (Table 28). The lean animals have'no‘difficﬁlty
maintéining heir body temperature within the ﬁormél_range
(§6;1‘- 36.7°L) during cold exposure (32§): On this basis,
there is no trequirement for an édjﬁstment of the fatty acid
: cbmpositioh'of cell membranes in the lean mouse, and if the
- expression of MAO activity is deﬁendent on the natﬁre of
fat£y acids in its microenvironment, then there should
indeed be no change in MAO activity. On the other hand,
oB/ob mice have been reported to experience a reductién in
core temperature to 31°C,’on chronic exposure to ié°C (325).
In the light of results obtained"n other experimental
models (96, 127),.such'a drop i&;;od§ temperature,should‘be
accompanied by an increase in unsafurated fatty acid content
of membrane'lipids. Such a change was not observed (Tables
29 to 32), fo;Jmitochondfial phospholipids nor was there
;ny physiologically significant alteration of MAO activity
in these animals (Table 28). ‘ |

It appears,‘from the Arrhenius plots (Fig; 16) that
the transition temperature for liver mitochondrial lipids
in both grouﬁs of animals is far below their physioiogical
tempefatures. lIt seems possible, therefore, that after

. A "
‘treatment, monoamine oxidase was still functioning in vivo

in a largely fiuid lipid environment. This factor may

, o ,
, Q\\ : _ .
. .
N | , S
:
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explain why. in - the-obese mlce, there was no phy51olog1ca11y
51gn1f1cant change in MAO act1v1ty or 1ncrease in unsaturated N
fatty acid content of mltochondrlal phosphollplds in splte :
of the lower body temperature of these anlmals

There is no obvious reason as to why exposure to cold

o

produced a decrease in 18 1 in PC and 22: 6 in PE + PG but:
similar changes- have been reported for other eystems.

Patton and Platner, 1241j have reported a decrease in 22:6

of 11ver mitochondria in cold- accllmated rats, and a decrease
in total unsaturation of m1tochondr1a1 fatty acids in the
same'anlmals. ‘Williams and _Platner (345) have previously
observed an. increase in unsaturation of white.fat in celd-
adapted_rats and hamsters; and have postulated that one of
the possible reagons is the preferentiai assimilation from
‘plasma of uneaturated'fatty acids by white adipose tissue,
and that a possible sdurce\for'these fatty acids may be the
liver. Cold;acclimation,dhowever, has.been denonstrated to
decrease hebatic ldpoéenesis in rats (208, 209) and -hamsters
(72) s Chronic cold exposure‘may'have had the same eftect

on hepatic iipogenesis in ob/ob mice and caused the‘observed
decrease in 18:1 and 22:6. A decrease in liver weights on

a mé liver/g body weight basis was indeed observed in
cold-exposed obese mice (Table 34) despite-an increase‘in
food intake (Table 35), which may be indicative of a

mobilization of energy reserves from the liver. The

decrease in 18:1 and 22:6 may simply reflect a reduced (
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" .Table 34
3 *
T 5ﬁ%;:> ' Effect of cold-exposure on body weights and liver
weights of .lean and obese mice
L]
Group . Body Weights : Liver Weight _  Liver Wt./Body Wt.
o (g) | : ) : (mg/g)
LA c W : c W C

-~

Lean  28.3%0.46 (12) 29.3+0.92 (12) - 1.61x0.06 (12) 1.92#0,06 (12)  57,1#2,58 65.9+2.01

. ‘ . N :
NS . A P < 0.001 P < 0,01

Obese  54.0:0.40 (8) 50.1¢1.13 (8)  4.70:0.14 (8) 3.23:0.16 (8)  75.0945.23 64.3:2.47
P < 0.001 ' P < 0,005 . P <0.005

A

*P < OJKA, when compared to warm-acclimated lean group.

**NS, when compared to cold-exposed lean group.

The numbers in parentheses represent the number of animals in each group, and
the data given are means * SEM for the numbers specified.

Abbreviations: C, cold-exposed animals; W,'controls; Wt., weight;
NS, not significant.



' Table 35
f " ) .‘ . ) .
Daily food consumption of cold-exposed lean and obese

mice and their controls

Group W N C

- ' g/@ay/mouse . ‘gﬂdgy/mogse
Lean (12) 419 5019 753 : 1.34
) P < o.og
‘Obese (8) | 7.41 % 0.30% Y 9,18 £ 0,425
‘P < Q.Ol

The numbers in paremtheses represent the number  of animals
in each group, and the data given are means * SEM for the
numbers specified. ‘ '

#P < 0.001, when compared to warm-acclimated lean mice.
**NS, when compared to cold-exposed lean mice.
Abbreviations: C, cold-expesed; W, cgntrp(gjﬁﬁs, not

significant.
. )
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- . _ _J - o
}availability Qf unsaturated‘fatty acids for:phospholiﬁi&
synthesis., N | |

| The fact that there waé no 51gn1f1cant change in MAO
act1V1ty desplte the decrease in 18:1.and 22: 6 in two of the ~
major phosphollplds found in mouse llver mitochondria may
suggest that these two fatty acids are not found in. the immediate

r

lipid environment of monoamine oxldase, or if preseqt(therein,
they do not function in thé‘ﬁSéulat%oh of‘MAO activity'in.the(
~obese mice. As mégtiongd eariier (éf.'Reviéw of Literature, -
sect}on I.c. 7), tﬁq otese mouse has a reduced capacity for
thermogenesis %pd its body temperature, though normal at 34°C,
is depressed at ambient temperatures of 20 - 2§°C. The impor-
tance of making an adjustment to this lower’setting for body
_temperature is ﬁighlighted by the reported higher content of
’unsaturated fatty acids in the mltochondrlal lipids of poiki-
‘lotherms (257) ThlS observatlon has been correlated to the
ability of poikilotherms to adapt to the lowerlng of their body
temperature folioﬁing exposure to lower environmental tempéraf
tures. The hlgher content of unsaturated acids, 1n the liver
mltochgndrla of non- tr%?ted obese mice as compared to their leanm
controls may be part of-a general mechanism in obese animals to
adjust té the 16wer set-point of bo@y temperature., It appeats
that in the case of~monoamine oxidate, despite the decrease in
18:1 and 22:6 in the cold-expoSed obese mouse, this adaptive
mechanism was able to maintain tﬂe enzyme in a sqfficiently

) : :
compatible environment, so that no significant change in MAO

. o L
activity was observed.



o -168-

' CHAPTER 4: GENERAL bIéCUSSION‘

Preliminary stﬁdies having fev?aled that the 1i;er,
pancreas and white adiposé tis§ﬁe of the ob/ob mouse had '
greatér-sﬁecific ‘activities for monoamine oxidase than the -
corré;ponding“tissues in the 1é;n controls, ﬁé undertook
to cha%acterize the liver enzyme further and to examine
whether differenﬁes in lipid en&ironmenF_might have an
effect on the ekpression of enzyne actLvity. ’

The higher specific activity‘for“MAO'was'found with all
substrates tested and with homogenates as well as crude and
.purifiéd mitochondrial preparatians. Whilevthese studies
were in progress, Feldman and Henderson (88) rgpprted no
significant difference in the activity of monoamine oxidase
toward tryptamine in livef;homogenates of lean:and

obese mice., The protoc;l used by these'authors differed
in several respects from that which was used intour studies, o
including the ége of experimental animals, the method used
for assaying eﬁzyme activity, and the removal of food ffom‘
animal cages 12 hours before Eacrifice; and the discrepan;y
could probably be explained-on that basis., There is no
- doubt, howevefﬁiﬁhat in.our hands thefe was a significant
and reproducible difference in the specific activity of

the enzyme in the liver of lean and obese mice.

Subcellular fractionation studies demonstrated that
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the;major pQ}ti0n of MAO activity (80%) sedimented with the

mitdchondrial fraction, whereas about 20% sedimented with:

the microsomal fraction. ~THis finding is in general agreement -

‘with studies done on rat liver (21) where it has been reported -

that mitgchondri% contained approximately 70% and the-micfoj
somal fraction, 24% of the total aétivity. The subcellular
‘distribution was essentially the same in lean and obese mouse
livgﬁ, and it must be concluded that the greater specific .
activity observed in mitochondrial.preparationé from obese
mouse liver was not dgé~%to a difference in subcellular .

compartmentation. It is unlikely that the enhanced MAO activity

in the obese mouse liver would be attributable to‘én'increasé

in. the number of mitochoydria per unit of liver protein, since -

the'activify of two mgrker enzymes - kynurenine hyaroxylasg
{outer membrane) and cytochrome oxidase (inner membrane)
not.different in the liver mitochondrial fractioﬂs‘of 1¢an
and obese mice. |

"The pattern of substrate sPecificity.%as similar in lean
and obese mice but differed from the pattern observed in rat
liver (296). The pattern of ;becificity in the mice
suggested a-predominance of form B, This was confi}med'by
inhibitor studies with thehgubstrate—gélective inhibitors,
clorgyllne and deprenyl .These data are in accord with

reports in the llterature concernlng the subs&rate

spec1f1C1tfiof llver mitochondrial MAO in albino mice (183) as

well as inhibitor tresponse experiments in mice of the NMRI strain

1
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(295) '. The data C1ted above rules out the p0551b111ty that

the 1ncreased spec1f1c act1v1ty of the ob/ob mouse liver™

enzyme may ‘be. due to dlfferences 1n subcellular 1oca112at10n

- of the enzyme activity or to the presence of: dlfferent forms

of the enzymes. T

-

The Mlchaells constant of liver MAO for tyramlne

¥

serotonin and benzylamine were 51m11ar 1n lean and obese

mice 1nd1cat1ng that the ‘increased MAO act1v1ty 15 not due __;'
to an altered afflnlty of the enzyme for the substrates used
An increased V ax of obese mouse 11ver MAO was observed
towards all three amines used, contlrmlngxfur data’ in ‘subs-
trate spec1f1c1ty studies where enzyme saturatlng concentra;
tions of the .substrates were used for assays. Slnce_V ax
is proport10nal to total enzyme concentratlon (184), thls

suggests the ,presence of a greater amount'of enzyme proteln.

r'per unit of m1tochondr1al proteln, or alternatlvely, that

~

' due to a difference in env1ronment the enzyme is. more..

active in the liver mltochondrla from the ob/ob mice,

Studles were undertaken to 1nvest1gate the latter

-

-
possibility. Several 1nvest1gators have prov1ded evidence.

that MAO is a membrane-bound,enzyme (85?'10§, 139]. This, -
however, is by'no means universally nccented and some authors
(253, 281&§;ontend that MAO i's:-a protein perlpheral to the
membrane and,as such would not have a structgral or

functional dependence on membrane lipids. On the other hand,

L . . < -
the mprk of Oreland and Olivecrona (238), Ekstedt (80), and

L
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Na01 and Yagl (224) 1nd1cate a certaln degree of 1nterdepen-'

_dence between MAO act1v1ty and membrane 11p1ds.

\ The experlments on 11p1d depletlon prOV1ded a ﬁ\;st

-

indication that lipids may play a role 1n the modulatlon of

\‘

the act1v1ty of ‘the enzyme. Sequentlal removal of phospho-“m B

lelds from the mltochondrla reduced the act1v1ty of the
.\1'
enzyme such that the re51dua1 spec1f1c activity was equal in

i
samples from 1ean and\obese mice. While it could be argued
. : . \ . -

that thé\solvent extragtion simply inactivated the enzyme,
it 1s difficult to env:;;Ee\Egn a non-specific inactivation

would reproducibly reduce the highef activity found in the

“;untreated obese‘mouse'mifochondria to preeisely the same
fﬁ?alﬁe as in the lean mouse mitocnondria. The' activity of
.'many membrane-bound eniymes are known to be affected by the
“type of phosphollpld which surrounds them and/or by the

" fatty acid comp051t10n of these phosphollplds

An 1nvestlgat10n 1nto-the phosphollpld profile of

mltochondrla of lean and obq“\\ice revealed no éifference

_between £§e two groups, Up{\\jnalysis of the fatty acid

phospholipids, several

~differences were noted between the mitochondria of the lean

. - ' .
and obese mice. Most,%triking was the increased content of

arachldonlc acid (20:4) in several phOSphOllpld fractlons
(PC, P + PS, & PE + PG) Notable alsc was the increase

in oleic acid in the CL + PA fraction. The fact that
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phdspholipid profiles were essentially similar in lean and
obese. mouse mitochondria cannot be taken as a proof that
specific phospholipids do not affect monoamine oxidase
activity, since it gives no‘information about specific
lipid domains which might be associated with the enzyme.
The differenceé in fatty acid composition, on the
other hand, provided a basis for further investigation.
As mentioned earlier, Hyslop and‘York (153) noted reduced
microviscosity in adipose tissue membranes frdm obese as

- compared to lean mice, and not having observed any difference

in phospholipid percentage composition, proposed that the v

decrease in microviscosity observed in the obese animals
might be attributable to an increased occurrence of un-
saturated fatty acids in the membrane phospholipids,
Further, various investigators (26, 43, 169) have reported
-a éorrelation between a lack -or absence of dietary unsaturated
fatty acids and a decrease in MAO activity in rat liver and
-brai'n..g'-‘.', .

. It should be noted that thé'greater proportion of
oleic acid in certaiﬁ fractions in the obese mouse is in
" harmony with the observations of Lemmonier et al., (187) and
Winand (347) that monoene species are.synthesized more
rapidly in the liver of the obese mouse than in controls,
Microsoméi 9, 10-dehydrogenase which has been reported to

be insulin-dependent by Gellhorn and Benjamin (104), was

observed- by Enser (84) to have a higher activity per cell in
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.tﬁe livers of ob/ob mice as compared to lean mice. Although
no reﬁorts have been made on the.aétivity of the eniymes
responsible for the synthesis of arachidonic acid from
linoleic acid, it is not inccnceivablé that the desaturases
involved in such a transformation are also more active in
obese-mouse liver. Enser (84)lha5 postulated that the
enhanced act1v1ty of stearic acid desaturase is due to
induction by hlgh plasma 1nsu11n concentratlons 1n obese
mice., This hypot@e51s may be open to question, since a
decrease in the number of insulin receptorsl(i68) and
reduced insulin binding (22, 291) by obese-mouse liver has
been reported by other investigétors. However, there appears
to be a lack of a simple relationship betwen insulin binding
and the effect of in5ulin on iipid metabolism. - In this |
réspect, Le Marchénd et al., t186) observed that while
insulin binding was inéreased and lipogenesis curtailed in
livers from fasted and streptozotocin-treated obese mice,
in vitro addition of insulin to these livers failed to
stimulate lipogenesis. Thus, thes¢ authors proposed that
alterations in events subsequent to insulin-~-receptor -
binding may affect liver responsiveness to the hormone
independently of the state of insulin receptons.

While the higher arachidonic acid content of bbese

mouse liver mitochondria could result from the enhanced

activity of liver desaturase , it could also be a reflection

larly since arachidonic acid is

7
, .
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synthestied-from an essential f;ity acid.” Linolei¢ acid |
éonstitotes 50% of total fatty acids in the laboratory_chOW._
used in out StUdieS' When allowed to eat ad libitum, the obese
mouse consumes approxlmately twice as much food as its lean

: counterpart thus thc amount of 11nole;c acid consumed is twice
as great in the obese 'as in‘the lean mouse. In view_of.the
fact that ;artial food restriction in the obese mouse did not
decrease appreciably the_;rachidonic acid. content of -the major -
phospholipids, it is unlikely that the increased food intake
alone could. account for the differences observed between

lean and obese mice.

One of the in vivo treatments utilized in an attempt to
establlsh that arachidonic ac1d has a role in the enhancement of
MAO activity in the obese mouse consisted of chronic treatment
with the antibiotic,joxytetracycline. Bégin-Heick et al., (22,
23) had reported pre&iously that OTC altered lipid metébolism
in the liver of treated obese mice. In particular, their Tesults
suggested that OTC treatment might affect de novo-.synthesis of
fatty acids, Mukherjee and Mukherjee (219) observed tnat the
incorporation of'injected-palmitate into liver pnospholipids'
decreased in the intact tetracycline—treated rat. Another
antibiotic, chloramphenicol which has been shown to 1nterfere
with the acylation of phospholipid precursors in BHK-21 cells
(189), has been reported to inhibit rat llver-mltochondrlal
MAG in vitro and in vivo (15). - .o,

OTC treatment decreased the specific éctivity'of liver

mitochondrial MAO towards tyramine and benzylamine, but not



" =175~ .

‘ . - . .
towards serotonin. Total activity in obese-mouse live

which .was observed to be several times as gregt as t in

prepatations from lean mice, was reduced to the level of the
non-treated lean- -mouse. Treatment however, did not affect -
the arachldonate content of any of the phospholipid
-fractlons studied, and the changes obserted in some fatty
ac1ds were small and d1d not show a trend which would suggest
that they were physiologically significant, It appears then -
that OTC treatment produced the observed decrease in MAO
act1V1ty by a mechanism that does not seem to involve an
‘alteration of_mitochOndrial fatty acid composition.

Kinetic analysis showed that whereas thete_was no

Change in the affinity of the enzyme towards tyramine and

' benzylamlne,ctreatment.had reduced Voax values for both amine

“égbsgrétes. Sioce on the assumption that all other
properties of the lean and obese-mouse liver enzyme are
. similer, Vmax may be coﬁsidered proportiooal to the amodnt

of enzyme protein (184);“it is mot inconceivable that the
.reduced V ax for both tyramine and benzylamine may be
attributable to a decreased amount of-enzyme proteln

follow1ng OTC treatment, The large decrease in protein
content of obese-mouse liver accompanying the large decrease -,
in total activity, and t@e decrease of enzyme activity in
EH; microsomal fraction, which is the reporteddsite of

MAO syhthesis (86, 227), appear to favor this tiew.
Bégin-Heick EE al., (23) have also noted‘previodsly that the

~

decrease in lipid content of obese~fouse liver following
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tfeatmgnt.waslacgompanied.by a fsduction‘in total liver protéin.
It is-possible that the decrease in MAO activity in our studies
is secondéfy'to the general &ecrédse in liver protein content
éffected by Huntibiotic treatment. It shoui&_be pointé&souf,
however, that no decréase was observed in the specific a
‘activity of another mitochonrdrial marker eﬁzyme, cytochroﬁe
oxidase, in treated‘animals.\_The apoproteinjpf cytochrome
okidase, iike MAO, is syﬁthesi;ed on thé.cytoribosomes (73).
A decrease in the specific activity of this enzyme should g
also have been observed 1f such a genefalized action as
decrease in toﬁal,pro;ein content were invblved.

| It is iikewise relevant to recall that the.inhibitor

. .

studies with the non-treated miEe indicated that the-mouse
iiter:enzyme is predominantly, or even entirely of the 'B'
',form, and that.Ekstedt (80) has shown that Form.B of the
enzyme can metaboiize serotoﬁin, which is genefally
considered a substrate for the A form. If the‘oxidéfiée'
E deamination of iyramiﬁe, benzylamine and Serotonin are due to
‘the same enzyme form and the effect of OTC'treatment is
attributable to a decrease in the amount of enzyme protein;
then a question can be raised as to why the serotonin-
metabolizing activity is not affected by the treatment in

vivo. In view of these considerations, it.appears that a

decrease in enzyme protein may not be an adequate

- explanation for thé observed reduced activity in OTC-treated
. : -
animals.
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The 1ncreased arachldonlc acid content of llver

mltochondrlal phospholipids in the obese mouse may. affect
MAO act1v1ty in‘various ways. It may facilitate the blndlng
of the enzyme to the mitochondrial membrane. Alternatively,

it may enhance enzyme activity by altering the conformation

.of the enzyme. or the‘fluidity of-the mitochondrial membrane.

The work of Steim (6) has indicated that a high proportion

/’1

of the phosphollplds in some natural membranes are in a

fluid state, and as noted earlier -(cf. Review of Literature,

section I.B.), fatty acyl chain.length and unsaturation are -

among the important factors in determining the fluidity of

lmembrane‘lipids.-‘The fluidity of the fatty acyl chains

presumably prgvide the required mot}onal_freedom allowing

.enzymeS‘within,membranes to undergo conformational changes

and movements associated with their act1V1ty

A correlatlon between the act1v1ty of membrane- bound ‘
enzymes and motional parametersof the surrounding lipid
phase has -frequently been sought by a cbmﬁarison of their
température dependencies. Our étudy of the temperature
dependency of liver MAO activity yielded bi-phasic Arrhenius
plots for both lean- and obese-mouse mitochondrial
preba;ations which were reminiscent of those reported by
Kiméibgrg.ahd Papaﬁadjopouloé {176) in their study of the
effect of phospholipid ;cyl chain fluidity on the

reactivation of rabbit'yidney Na+, K*-ATPase. In théir
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sﬁudy,-thése authors observed fhat the,disédntinuitieé in the
Arrhenius pldts'bore a qualitative, and in some cases,
quantitatife correspondpnceLWith the phase transition of the
phospholipids as'determiﬁed by differential scanning
calorimetry, - | |

‘ The.Arrhenius-plots shown abdve are in contrast with —"~
ihose,reported-by Raison (253) and Aifhal (1), who obtained-
straight-line functions for rat liver mitochondrial MAQ.
While it is not possible to comment on the reason fof the
discrepancy between Raison's findingé and ours in the
absence of a report on the details of the experimental
protocol used by these investigators, it is not unlikely
that Aithal{s results could be attributed to the treatment h
df membrane preparations'with the detergent Tritom X-100.
Detergents liké-Tritons distupt membrane lipid-protein
interactionS (330), and have been observed to aboiish the
'break' or diséontinuity in'the Arrhenius plpts of faridus.
oxidative mitochondrial enzymes (252). .

Whereas most soluble enzymeé do not exhibif diphasic
Arrhenius kineticé} membrane-bound enzymes generally yield
bi- or tri-phasic curves (270). Although the molecular -
mechanisms underlying multiphasic Arrhenius plots have not
as yet been definitively elucidated, it has been shown that
an explanation in terms of protein solubility in the lipid
phase may be possible (351)}. Discontinuities in Arrhenius
plots of microsomal and mitochondrial enzyme activities have

',-—-;f'_"
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indeed been attributed to lipid thermal phase t;éﬁsitions
by several investigators (175, 151).the§orthy is the
decrease in activation energy for both lean- .and obése:;;use
MAO above the discontinuity to half of its value below this
temperature.‘ This would suggest that the ephancement of .
enzyme activity is favoured by the transition from an
ordered quasi-crystalline to a more fluid; disorderedl
1iquid-crystalline state. In this context, the biphasic
Arrhenius kinetics obtained in ou} study imply that mouse
llver m1tochondr1a1 MAO may indeed depend on its lipid
environment for ‘the modulatlon_of its activity, and that
contrary to the contention of Singer (281) and Aithal (1)
eppeafs to be an integral rather than a peripheral membrane
protein,

In Arrhenius plots of enzyme activity, fatty acid
effects.are generally manifested as a change in slope at
a temperature which is uniquely. determined by the fatty
acid composition.of the membrane. In-our studies, a single
break was obtained ih the Arrhenius plots_for'the lean and
obese-mouse MAQ, and this occurred at pTecise%y the same

-

:temperature for both lean and obese animals. There 1s

evidence that certain enzymes can segregate specific lipids

out of the bulk 1ipid pool to constitute their immediate

L™
S

11p1d enV1ronment d&h'llp1d annulus' (151 337). The
physical properties of such a 1lipid annulus may then

determine to some extent the activity of the enzyme, and

‘ .
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such prpertiep'may'or may not reflect the bulk lipid pooi.

Enzyme activity, according to Steim (299), would be

'respbnsive to phase transitions in the immediate lipid

- environment of the functional protein., Hesketh et al., (133)

hoﬁeveg, have shown that enzyme proéein can sense changes

in the physical state of the bulk lipid phase, as well as
that of its immgdigte lipid environment. . In their‘sfudy of
Ca2+,-Mg2+-dependeﬁt ATPase from rabbit muscle sarcoplasmic
reticﬁlum, these auth&rs'obtainéd two inflections (>7.- 37°C
and 37.% - 38.5°C) at high lipid to péotein ratios. ‘As the
proportion of‘lipid was decreased, the upper 'break' remained
in the same(fé%perature range, but eventually broadened into |
a continuous curve below a ratio of 30 dipalmitoyllecitﬁin
molecules pér ATPase. At the same time, the lower 'break'

i

became more pronounced, while remaining in the same
temperature range. Experiments wifh spin-labeled phospho-
lipids indicated that approximately-30 lecithin molecules
interact directly.with the enzyme. These.authors proposed
that each ATPase molecule prevents a normal phase transition
from occurring in an annulus of about 30 dipalmitoyllecithin

molecules, and that the lipid molecules immediately outside

this annulus are able to undergo a normal diﬁalmitoyllecithin

_transition at close to 41°C,'th transition temperature for

the ﬁure lipid.

Hesketh's study demonstrates that perturbations of a

A

L AR
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lipid bilayerlby interdigitated protein are essentially
'restficf;d‘to the phosphblipid‘annulus, and that fhe physicai
properties of the bulk 1lipid ase would be unaffected by
protein insertion abov' a ceplain lipid to protein ratio.
Thus, é protein with a lipid annuius no% reflecting the
compésition of the bulk lipid pool may still sense lipid.'
phase separations occur?ing in the bu;k lipid, but wéuid
have superiﬁposed upon this ény changes'in the phygical
state of its annular lipid. . . \
If MAQO, like other .proteins (260, 272, '337) seeks
regions of compatible lipid composition, then it is not
inconceivable that the immediate environment of obese-mouse
MAO has a higher cdufent of C 20:4 - rich phospholipids
than that of the lean-mouse enzyme, Using thié model, the
single 'break' in.the Arrhenius plots cannot be rationalized
by‘statiﬁg‘that the composition, and therefore, the phase'
transition of the annular lipids reflected that of the
bulk 1l§pid pool. Howéver,‘iq is pﬁssible for the changes
in state of ?he annular lipids té have occurred outsidg the
temperature range uséd in our study, and if there were
differehceé in physical properties resulting frqm differences

in composition between annular and bulk lipids, that no

changes other than t e due to phase separations in the
bulk Jlipid pool would Igad to the appearance“of breaks in
the Arrhenius plots of enzyme activity. Indeed, Houslay and

Palmer (144) have shown that a number of very different
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protéins associated with hamster'}iver,plasmg_membranes

exhibit rémarkably similar breaks in Arrhenius piots of tﬁeir
activities, ;nd have attributed t;ese cominon breaks to phase
separatic;ns oocugrr_ing in the bulk lipid phage.'f Similarly,

-

‘tﬁe Arrhenius plots of the respiratory ehzymes andb ,
oligomycin-sensitive Mg+2—acfivatéd_ATPase of,fhe iﬁner
membrane of rat liv%r mitochondria all exhibited a disconti-
nuity at approximately 23°C, which<coincide5‘with the phase
transition.temperature fdr-rat-liﬁer mitechondrial lipids
as détermined by e.s.T. specroscopy (252). Also relevant _ ’
to this discuésion are the observations made by Kimelberg
and Papahadjopoulos (176) in‘-studies on the reactivation
of kidney +, K+;ATPasé. threas 'breaks' in Arrhenius
plots wergyjbserved by .these authors when dim}ristqyl-,
dipalmitoyi-, and distearoylphosphatidylglﬁqerol were used,
A straight-line function was obtained with dioleylphospha-
- tidylglycerol. Differential scanning calorimetry showed
that dioleyl-phosphatidylglycerol was ffﬁid throughout t@e :
temperature range (0 - 60°C) used for the study. Chapman
et al,, (46) have shown that the temperature at which a
particular phasé can exist for a given phospholipid will
depend on thelmelting temperature of the hydrocarboﬁ chains.
It should be noted that the melting point for oleic acid is
5 - 7°C whiie that for.arachidonic acid is -49.5°C. Thus it

is not inconceivable that the melting point of arachidonic

acid-rich- phospholipids may be well below the temperature

e
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.fange ﬁsed in our studies, and would be inacessible in bﬁf%
expérimental analyse{. ' ) :

Alternatively, tﬁe'phase transition temperature for
annular lipid may ?ave been broadened or shifted as a result
of Van der Waal's iﬁteractions'between lipid and protein.

In this respect, Marcelja (204, 205) using theoretical
calculations, has demoﬁstrated that these interactions can

be so great that the transition for annular lipids is
broadened and shifted, or so brbédeﬁed as to be gxperiméntally
undetectable. ‘In'this.context, the discontinuity observed
in the Arrhenius plots could represent a phase separation

in the bulk 1ipid pool rather than in the lipid annulus,

and may explain why there.was no‘detectable difference in
the transition temperature of lean and obese-house
‘preparations. Fﬁrther,'the similar;ty of the energies of
activation above and below the transition temperature

would indicate that the change in the physical state of the
bulk membrahe-lipids elicited the same effect on the kinetic
properties-of the enzyme from bofh groups of animals.

On the basis of the results obtained in the experiments
involving the incorporation of arachidonic acid info lean .
mouse mitochondria, it appears unlikely that any effeét
arachidonic acid may have on the ac}}wity of liver MAO is"
being exerted pT altering the'flui&ity 6f mitochondrial

lipids. In thik respect, Klausper et al., {177) have found ///

that free fatty.acids readily intercalate into the plasma :
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membranes*of'splenic lymphocytes and baby hamster.kidﬁef cells,
and over short periods of time, remain there as unesterified
fatty acids. These investigators'postulate'tﬁe pfbsence of -

. discreet relatively gel-like and fluid regions in the .
membrane, 'and have observed that cis-unsaturated free fatty
acids preferentially partition into f;uid domains and
disorder the membrane interior. Suéh.an increase in the
degree of disord;;ywithin the membrane would conceivably

lead to enhanced fluidity (336). Based on this.model, the
observation that MAQO activity was not altered in the

-

experiﬁénts-involving the incorporation of C 20:4 into
lean-mouse mitochondria might imply'thaf the increased '
‘enzyme activity in obese mice is not due‘to the enhancement
of the fluidity of membrane lipids. This conclusion appears
reasonable régardless of whether the arachidonic acid had
intercalated into the bulk lipid phase or fhe 'lipid annuius'.
Noteworthy is the-fact the 'break' in the Arrhenius
plots occurred at a temperature F23°C) well below the
physiological temperature of both lean and obese mice, which
suggests that the bulk phase is fluid, and that in vivo,
the enzyme is in a largely fluid lipid environment in both -
groups of animals; In the case of .the obese mice, the-
absgnce of an adaptive increase in unsaturated fatty acid jr
content of mitpchondrial ﬁhosphoiapias in. response to ;old_
exposurefhrther suggests that the enzyme is in ‘a fluid

environment even at the lower core temperature (31°C) of

ed
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of the enzymes on lipo-protein membranes.
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these.animals following chronic exposure to cold. The fact 4?
that the slopes, and thefefore, the energies of activation
above the 'break'-in the Arrhenius plots-are similar for

lean angd obese mice, may suggest that in vivo the enzyme in

the lean animals may exist in an equally fluid lipid

i environment. Although our data does| not permit us to firmly

-exclude the possibility of greater?fluidity in the annular

lipids of obése-mouse MAO, it must be concluded from the
similarity-of-the Arrhenius break temperatures and the
activation energies above and be}ow thesé temperatures;
that the fluidify of bulk ﬁpmbrane lipids does not appear

to be the principal determinant for the enh#nced enzyme

activity in obese-mouse liver.

Other possible Troles, however, may be postulated for

-

ids' in obese-mouse
i

liver mitochonaria.\\In studies done o;\fhe livers of

the presence of -C 20:4-rich pﬁospholi
essential fatty acid-deficient rats, Colli?s (55) %
reported that the presence eraraéhidonic ;éid in the

2-position of a phosphoglyceride, lowers the 32P turnover

rate of the phqsphoglycefide énd pToPosed that érachidonic

acid acts as a:modulator of phosphdlipid metabolism. . This

author further suggests that the symptoms of essential

fatty acid deficiency may be attributable to an increased
phosﬁholipid turnover followed by partial disorganization

u

«  Arachidonic aéid-rich phospholipids may also
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facilitate the binding -of monoamine oxidase to the mitochondrial

" ‘membrane. In.this respect, Oreland and Olivecrona (238) ..

have proposed t the,K good correlation between the extent

i
of phospholipid d;pietion of pig liver mitochondria and. the
decrease in the activity of mitochondrial MAO would indicate
that specific phospholipids may have a role in the binding

" of the enzyme to the mitochondrial membrane.
Alternatively;lqbe configuration df a-long—chain fatty
acid s;ch as a;achidonic écid with its multiple cis-double
bonds may alter the conformation of" the enzyme_}n such a
.manﬁer‘ég.to facilitaté interaction between the active site
and substrate, or expose more active sitqs to the incoming
substrate. Increased amounts of arachidonic acid-rich

i phosaholipids may also favor.a configuration 6f obese-mouse

MAO that facilitates the breakdown of the enzyme-substrate

ébmplex into enzyme and product, thus increasing the rate

constant for this process and-vmax, for the same amount of
enzyme protein. !
The importénc?_of the structure of fatty acyl chains,

=

and the possibility that enzyme activity‘can be enhanced

‘through megﬁsnother than an increase in membr3ne fluidity
is implied .in a study of ox heart mitochondrial B-hydroxf—
butyrate dehydrogenase by Houslay et al. (151). -In this
study, the aufhors'démbg;trated‘that dioleyllecithin and

dilauroyllecithin activated the enzyme as compared with e

Ly

&
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éQdogenous_mitochondrial lipids. On the other hand,
dicaproyllecithin was found to actually inhibit the enzymgu
Ag statedearlier.kcf{ Rev%ew of Literature, se;tion I.B.),

a higher degree of unsaturation and a shorter cﬁai%\length\
both favour mdbility of fatty acyl chains, and consequently,
the fluidity of thé membrane. The fact that dilauroyl-
1eéithin (12;0 chainsy activated B—hydroxybutfrate dghydro—_
genase, whereas dicaproyllecithin (10:0 chains) reduced
enzyme activity was interpreted by thé'authors_to mean that

a minimum chain length is essential to maintain an active

enzyme conformation similar to that in vivo.

Although.we cannot exclude the possibility of a greater = ~—
amount of‘MAO protein ih obese-mouse liver_mitochondria as a
basis fbr.the enhanced monoamine oxidase activity observed
in these animéig; and the decrease in total iiver protein
accompﬁﬁying the reduction‘in MAO éctivity in OTC-treated
animals seems to suppoft this view, the data obtained in
the lipid-depletion experiments with non-treated
animals suggest a greater dependence of tﬁe obese-mouse
enzyme on-its lipid Environment. The presence of a‘Higher
proportion of aréchidoniclacid in obese-mouse liver mito-
éhondrial phospholipids may indeed imply a role for this
polyunsaturated fatty acid in the lipid-enzyme interaction. The
results of our studies suggest areas for further investigation'
that méy-provide more-definitive evidence regarding the

precise function of 20:4 or 20:4-rich pho;#holipids. These
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would iﬁclude ) '7 o

- A comparatlve study of the f1u1d1ty of lean and obese:
mouse liver mitochondrial membrane by means of ESR
spectra obtained with spln labelled fatty acids and
phospholigﬁgg. Ideally, problng the 1mmed1ate environ- -
ment of MAO may involve the use of a spin-labelled.
fatty acid agtached to a molecule having aphigh affinity
for the enzyme, such ae a specific inhibitor.

- An analysis of endogenous’ or, boundary lipid to establish
any preference or requirement for polaf head-group and/or

- fatty acyl chain.

- Once a requirement OT preference for a specifice
phosphoyigid and/or fatty aejd chain i5 established,
direct lipid biﬁding studies can be carried 6ut-td

establish the amount requ1red to attaln the V

ax
observed 1in non—treated animals.. Data on the

conformation of enzyﬁe protein in lean and obese mice
. at these.binding levels can then be obtained by a

number of different techniques such asrcircular
dichroism, nuciear magnetiehresonance, or low angle
X-ray scattering. .

- Finaliy, in order to determine if there is an increased
amount of MAQ protein in oBese—mouse liver mitochondria,
oufer mitochondrial membranes may be isclated and their

protein composition checked by SDS-polyacrylamide gel

electrophoresis,
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