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ABSTRACT

Arterial and plasma carnitine metabolism was investigated
in normal and atherosclerotic rabbits. Atherogenic cholesterol-
supplemented diets induced hypercholesterolemia in rabbits;
hypercholesterolemia was associated with hypercarnitinemia and
increased levels of cérnitiné ana acylcarnitines in athérosclerotic
aortas. Carnitine der;vea frsm the bloodstream started to accumulate
in aortas of animals fed cholesterol-supplemented diets before
the aevelopment of gross atherosclerotic lesions; this response
of the aorta to hypercholesterglemia and hypercarnitinemia was not -
shared by the heart. Carnitine palmitoyltransferase (CPT), a key
enzymeein fatéy acid metabolism, was' also investigatéd in normal
and atherosclerotic aortas:’ CPT activity was associatéd with
mi tochondrial and microsomal fractions isolated from rabbit aortas.
The location of CPT activity in the aorta differed from that
report;d for hedrt and liver; in’ these tissues, CPT aétivity is
exclusively mitochondrial., AYte%ial CPT activity was not éffected
by the addition of cholesterol to the animal's diet.- It is hypothesized
that acyl-CoA in atherosclerotic tiQSue is predominantly esterified

to carnitine rather than to glycerol-3-phosphate; supporting

this hypothesis was the observation that long-chain acylcarnitines

increased in atherosclerotic aortas. The hypothesis offers an

explanation for several biochemical changes that occur in fatty

acid metabolism_in atherosclerosis.
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INTRODUCTION o

The concentration of cémitine and activity of carnitine
acyltransferase enzymes are important factors in the regulation
of many events in fatty acid metabolism. Age, sex, diet, drugs
and hormones are well documented factors that influence tissue
carnitine concentration and carnitine acyltransferase activié@h
less well documented are changes in ca;hifine metabolism associated
with pathologic conditions. Since 1973, several human lipid
' storage myopatﬁies attributable to carnitine deficiency have been
feported, including é potentially fatal syndrome termed Systemic

carnitine deficiency (1). Clearly, a better understanding of

carnitine metabolism with respect to disease is needed.

I. Carnitine: Structure-Function Relationships

A. Carnitine

The chemical structure of carnitine (4-trimethylamino-3-

hydroxybutyric acid) is presented in Figure 1 below:

CH OH 0
NS | Il
CHS"T'CHZ"CH-C.HZ'C'OH
CHS
L J .l I‘ L '
A B o

Figure 1. Chemical Structure of Carnitine-

©

) ]



) ' . The biological activity of carnitine depends on A) a

en,

~ trimethylamino g;oup at the 4-carbon position, B) a hydroxyl group
at.the 3-carbon pqsitibn, and C) a carboxyl group (2). The
trimethylamino group can be replaced by a dimethylamino group and
the Hydroxyl group by a thiol group without iﬁcurriné a major
loss in the biological activity‘gf carnitine (3,4). Only the
naturally occurring (-)-enantiomer of carnitine iS biologically

active; (+)-carnitine is generally a competitive inhibitor of (-)-

carnitine (5).

B. Acylcarnitines

-

v

. The O-acyl’ester$ of carnitine comprise a héterogeneous
group of c??pounds. Carnityl esters cén b%ﬁ long or shor® chain
aliphatic compounds (e.g. palmitoylcarnitine or acetylcarnitine)
saturated or unsaturated (e:g. stearoylcarnitine or oleoylcarnitine)
straight or branchéd-;hgin (e.g. butyrylcarnitine or isbbutyryl-.
carni;ine) or'contain an odd-number of carbons (e.g: propionylcarnitine).
Analysis of carnityl esters can often provide insight into the )
biologieal func{ions of acylcarnitines. Identification gf‘the
branched-chain carnityl esters of valerylcarnitine and isobutyryl-
carnitine led to the hypothesis that branched-chain acylcarnitines
are invéxved in ;mino acid metabolism (6). ‘
Crysfal X—ray'diff?actién analysis bf acetylcarnitine and
aéefylcholine ind;catés.that these compounds have éimilar .

sconformations (7), this similarity may explain the cholinergic

properties of acetylcarnitine (8).



fatty acids.

Palmitoylcarnitine is an amphiﬁathic compound and can
exist in three configurations i.e. as an inner salt or zwitterion,

which are electroneutral, and és\a cation—(9)T The cationic form

-

" of palmitoylcarnitine but not acetylcarnitine or carnitine can

penetrate artificial phospholipid membranes; this property of
palmitoylcarnitine may be important in the translocation of fatty

acids, as acylcarnitines, across the inner mitochondrial membrane (9).

N

The zwittérionic form of palmitoylcarnitine is wedge-shaped, some

wedge-shaped molecules e.g. lysophosphatidylcholine, are highly

A

lytic molecules (10}, The observatio“}ihat palmitoylcarnitine
. C g )

causés lysis of eé@throc&tes, mitochond¥ia, and lipoprotein complexes

(11,12,13,14) may be relaii% to its wedge-shaped malecular
configuration.

Palmitoylcarnitine, like palmitoyl-CoA, forms micelles in

aqueous environments. The critical micelle concentration for

A palmitoylcarnitine (15 uM) is‘higher.than for palmiioyl-CoA (3-4 uM) <

- » |

(15,16). -
Acylcarnitines have high acyl-group potentials. The standard

free'energy change of hgdrolYSis for carhityl esters of chain

length C; = Cyp is/- 7.9 kcal/mole; this value is similgr toe that

. ~

of palmifoyl—CoA i.e. - 7.7 kcal/mole (17). Consequently,

acylcqrnitinés,i ke<acyl-CoAs, represent an "activated' form of

et

C. Phosphatidyl Carnitine

Littlé:is known about phosphatidyl carnitine other than the

fact ‘that it probably represents what is referred to in the older

&

"t



~

carnitine literature as "lipid-bound" carnitine. Dipalmitoyl-
phoséﬁatidyl carnitine can be synthqsized chemically; it is hydrolyzed
by phospholipaseé A, and C gut n9t by phospholipase D (18).
Phosphatidyl Earnitine Has been isolated from developing chick

embryo and may have some role in development (18).
. 2

A1. Concentration and Distribution of Carnitine Compounds

A{ Early Analytical Methods and Carnitine Surveys

A major problem in early carnitine research was the analysis

\

* » . . . . - oo * . . /\
of carnitine in biological tissues. For e€xample, carnitine
LN

concentrations (ug/g dry weight) reported for rat liver ranged from

. 100 - 200 using the Tenebrio Bioassay to 400 - 14001using'the Frog
Rectus Assay (8). ) The early carnitine assays lacked specif;city
and sensitivity for carnitine, these problems were overcome in 1963
with the aeggTGpméﬁt.of a simple, iccurate, enzyme assay invol&ing
the wse of the chromogenic agent 5,5'-Dithiobis-2-nitrobenzoic acid ¢
and carnitine acetyltransferase (19).- De;pite technical drawbacks
of the early carnitine agsays,\surveys based on these assays revealed
that carnitine ha§ a ubiqujtous presence in microorganisms, plants,

Id

and animals (20).

w

B. Concentratjon and Distribution of Carnitine and Acylcarnitine .

Compounds in Rat Tissues

~

The data in Tableé I illustrates. tle wide Variation in the

concentratipn and distribution between carnitine and acylcarnitine:



Table I

Concentration and Distribution of Carnitine and Acylcarnitines

. . . a
in Various Tissues from the Rat

. A iy . . d
Tissue Net carnltkpeb Carnitine  Short-chain® Long-chain
‘ acylcarnitines  acylcarnitines

o

Qoncentration-(nmoles/g of frozen tissue)

Epididymis 6200 5660 540 -
Heart 831 02 v 477 52
Muscle 627 . . 442 185 ??m -
Liver 307 173 s 11
Brain 50 43 ‘ 7 -
" Epididymal 16 10 6 ]

fat pad

é : ’ .
Adapted from Pearson, D.J., and Tubbs, P.K. (1967). .Carnitine
derivatives‘in rat tissues. Biochemical Journal 105, 953-963.

| [ .
Net carnitine = c¢arnitine + short-chain acylcarnitines + lgng-chain
“acylcarnitines. !

. Carnityl esters of chain length C2-Cio.

Carnityl esters of chain length Ci» and longér.

A ~

‘ -
d [L



compounds in different rat tissues. High net carnitine (carnitine +
acylcarnitine) concentrations are found in epididymis, heart and
skeletal muscle; low net cartinine. concentrations are found in brain
and epidiaymal fat pad. In heart, liver and skeletal muscle, 30 - 60%
of the net carnitine occurs in acylcarnitine compounds; the major
acylcarnitines in these tissues are acetylcarnitine, propionylcarnitine

.

and butyrylcarnitine (21). In contrast, the net carnitine in brain
and epididymis occurs primarily as';arnitine. L.

The concentration and distribution of carnitine compound§
may reflect tbeir physiological role in a particular tissue. High
concenprations of carnitine in heart and other muscle may ieflect'

A
the utilization of fatty acids by these tissues as a major'source,

of energy; the observation that the carnitine concentration of the
brain (which relies.primarily on glucose as a source of energy) 1is
1)16th of that Sbserved in, the heart supports this idea (T%blés I and II).
Epididymis contains the highest net carnitine concentration
of all rat tissues surveyed and nea;%y 100% of the net epididymal
carnitine exists as carnitine. These observations suggest that the
function of carnitine in epididymal tissue.may be different from
that in other tissues. 'In this regard, a roie for cérnipine in
epididymal.sperm matﬁration has been proposed that is‘independent
of its known effects on fatty acid. oxidation. TFhe high
concentration of carnitine in the epididyméf‘fluid (63 'mM) reduces
oxygen uptake and induces changes in the glycoprotein composition
on the.surface membranes of’;perm,(221. Although the significance

~of these changes are poorly understood, they may be important in



maintaining sperm in a resting state during their stay in the
epididymis. A

Whereas the concentration-and distribution of carnitine
compounds have becen extensively studred at the tissue level, therr
subcellular concentration and distribution have recenved little
attentﬁon. The distribution of carnttine and CoA between cytoplasmic
and mito&hondr1al compartments miv be o reeculatory factor e heat
aﬁd lxvc? lipid metabolism. The high ratio of carnitine:CoA (100:1)
in the cytoplasm oé heart musglo may dircct fatty acids toward
B-oxidation by promoting acylcarnitine formation; in contrast, the
low ratio of carnitine:CoA (17:1) in the cytoplasm of liver may
direct fatty acids toward complex lipid biosynthesis (23). The
proposed regulatory role for the characteristic carnitine:CoA ratios
given above &s supported by the fact that the predominant fates of
fatty acids in heart and liver are oxidation and esterification,
respectively.

L4

C. Qonccntration of Carnitine in Human Tissucs

Therc is only limited information in the literature concerning
carnitine concentrations in human tissuc; Table II presents some

of this information. High carnitine concentrations arc¢ found in

N R

heart and skcletal muscle, low carnitine concentrations are found
in braih; this pattern is similar to that obsérved in the rbt (Table™ 1.
- The concentration of carnitine in human skeletal muscle shows

a positive correlation with the enzyme activities of 3-hydroxy-acyl-

' ., [ ) )
CoA dehydrogenase and citrate synthetase, this correlation is consistent

¥



Table II - N

B

Concentration of Net Carnitine , n Various Tissues

of Mana

Tissue Net carnitine concentrationb

{umoles/g wet weight)

Heart 4.8

Pectoral Muscle 3.2 -
Liver 2.9

Kidne; 1.0

Brain 0.3,

a

Adapted from Rudman, D., Seﬁell, C.W., and Ansley, J.D.
(1977). Deficiency of carnitine in cachectic cirrhotic

patients. The Journal of Ulinical Investigation 60,
716-723. ‘

Net carnitine = carnitine + short-chain acylcarnitines + long-

chain acylcarnitines.
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with a coupled relationship between tissue carnitine' concentration

~

and tissue capacity for fatty acid oxidation (24).

AN

s
e

I11. Factors Influencing the Concent¥ation or Distribution of

|
f

Carnitine-and Acylcarnitines in fissyes and Body Fluids

{
1

AL l»yemc“: lefClanC

The carnitine concentiration of ~helet |l~\:\\\\\\\ Wil

marked species differences.  Some reported carniting HLCHtIlthH\

(umoles/g dry weight; based on the same assay) for skeletal muscle

\;
are: mice 1.¥: rats 3.1; man 16.2; and sheep S0 (25).

Urinary carnitine excretion rates differ between species

Rats and humans excrete 2-3 and 86-175 umoles of carnitine/day,
L

.

respectively; this represents 7 and 0.5% of the total carnitine

pool in rats and humans (25,26).

Plasma carnitine, in contrast. to tissue carnitine, exhibits
a similar concentration in several species c¢.g. rats 38 uM, rabbits

30-40 UM and mah 46 pM (25,27, 28). '

Sex differences in carnitine levels occur in muscle, plasna
and urine. Men exhibit slightly higher Tevels of carnitine (20%)
than women with respect to rectus]nbdominus muscle (c.g. 15.4 vs

12.9'umoles/dry weight, male vs female) (29). This sex difference

. . » . .
decs not occur in.all muscles as therc are, for example, no

differences in ‘the concentration of carnitinc in the lower leg

@

muscles of men and women (29).

P
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. Plasma carnitine levels are lower in women (47 uM) than
men (57 uM) (30), however, this difference has not been observed
in all studies (31).- o

Men excrete twice as much carnitine per day as women e.g.
175 ve 86 umole/day‘(26). An age factor is probably involved 1in
this sex difference since men and women over 51 years of age excrete
similar amounts of carnitine.

L’ Plasma and urine carnitine levels change in women during

the menstrual cycle. Plasma and urine carnitine concentrations

. increase toward ovulation, peak on the day of &yulation and decrease

thereafter to pre-ovulation levels (32). These observations suggest
that the sex differences in garnitine 1!:2T3~Qéy be attpibutable,

. . 1
in part, to hormonal differences between men and women.

C. Temgerature

Cold acclimated rats exhibit an increase in tissue carnitine.
.
In early studies of the effects of temperature on tissue carnitine
levels, rats maintained at.5°C vs 25°C for six weeks exhibited an
8-fold increase in body carnitine pool size and a 6-fold increase
in the'concentration of carnitine plus acyléarnitines in muscle (33).
Recent studies confirm an increase in body carnitine pool size in
cold-exp?sed rats but suggest that the magnitude of the change is
—

only of the order of 20-40% (34,35). It is not known how long‘raﬁs
must be exposéé to low temperatures before ;hanges in carnitine

levels ‘occur but rats that have been exposed to 4°C for 20 days

already exhibit a 2-fold increase in carnitine plus aéylcafnitine



B,

levels in brown adipose tissue (36). Increased carnit%pe levels in
animals exposed to low temperatures may contribute to the development

of non-shivering thermogenesis (36,37).

D. Growth and Development

The concentration of carnitine and acylcarnitines changes
during the growth and development of rats and pigs. In neonatal
rat liver, at birth the level of carnitine plus acylcarnitines 1s
high but decreases 6-fold during the suckling period and approaches
adult levels by the time of weaning. The opposite trend occurs
in the heart; at birth the level of carnitine is low but during
the suck]iné period carnitine increases 4-fold and approaches
adult levels by the time J0¥’wedning (38). In neonatal pig, the
concentration of carnitine in the liver doubles within 24 hqtfi
postpartum; in contrast to.rat livér, the carnitine level rémains
elevated for several weeks thereafter (39).

Thedacylafion state of carnitine changes with age in-some
tissues. In the rat, between day 5 and day 45 postpartum)the

« percentage of net carnitine foung as acetylcarnitine decreases 20%
in heart and skeletal muscle, while incfeasing slightly in the liver
(37). In embryonic chick liQer, acetylcarnitine, which is not
detectable prior to the second week of incubation, increases 30%

during the third week of incubation (40). Changes in the acylation
S : . .

11

state of carnitine during growth and development probably.reflect &

changes in the activity of carnitine acyltransferase enzymes.
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Plasma carnitine levels increase with age. In man, plasma
carnitine concentrations in adults (46 uM) are 35% higher than in
children (34 uM) (31). Although there is a positive correlation
between age and plasma carnitine levels in adult women, this
correlation does not exist in adult men (30).

Maternal-fetal and maternal-neonatal carnitine relationships
may be important during early periods of groth% Since it is unlikely
that fetal-livers can synthesize sufficient carnitine to meet the
needs of the newborn animal (41,42), the major source of carnitine
for the neonate is probably the mother's milk which is pafgfcularly
rich in carnitine (e.g. 0.13 and 0.32 mM in pigs and rats, respectively
(§§,39). Mother's milk ‘may ;lso be a major source of carnitine for
human infants. Little 1s known concernipg the role of carnitine in
growth and‘development, however, it is ngteworthy in this regard that
administration of carnitine to premature bébies'and small-for-dates
has beneficial effects on appeti&e and growth (43).

-

E. Nutrition

.

Nutritional factors influence the concentration and
distribution of carnitine and acylcdrnitines in tissues and body
fluids. Conditions leading to an incre;se in the availability of
fatty acids to tissdeé: such as fésting, or high-fat intake,elicit
a félativeiy general response in liver; heart, kidney, and'adipose
tissue; fasting and high-fat diets increase the concentration of

long-chain acylcarnitines and the ratio of long=chain acylcarnitine:

carnitine several-fold (44,45).
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Carbohydrate-rich diets decrease the ratio of long-chain
acylcarnitine:carnitine several fold in heart and liver (44).
Similarly, in liver, kidney and adipose tissue, fasting and high-fat
diets increase the ratio of short-chain acylcarnitine : carnitine
several fold, whereas carbohydrate diets deérease this ratio several
fold. Fasting has no effect on the ratio of short-chain acylcarnitine:
carnitine in the heart but a high-fat diet decreases this ratio (45).
It has been proposed that in liver the carnitine acylation ratio
reflects the direction of lipid metabolism i.e. the carnitine
acylation ratio’increases during increased fatty acid oxidation aﬁd
decreases during increased fatty acid synthesis (45).

Fasting has a variable effect on urinary carnitine excretion
which may be species-dependent. Men fasted for S5 days show a 5-fold
increase in urinary carnitine excretion; re-feeding causes urinary
carnitipe excretion to return to pre-fasting levels (32). In
contrast, rats exhibit-a slight decrease in urinary carnitine
excretion during fasting (35). There may be a diurnal variation

. o

in carnitine excretion in man (26) although this has not been a

consistent observation (32).

Dietary carnitine can increase tissue carnitine concentration.

In the rat, addition of 0.2% carnitine to carnitine-deficient diets

>

results in a 2-3 fold increase in the concentration of carnitine in

liver, skeletal muscle and kidney {1). Additions of 0.2% choline or

0.2% lysine to the same carnitine-deficient diet increases tissue



]

carnitine concentration but only to a limited extent (ca 20%). The

greatest increases in tissue carnitine levels occur when the diet

is supplemented with a combination of carﬁitine + choline + lysine
(35,36,46). No studies have been reported in which tissue carnitine
levels were measured following the additi§n of carnitine to nutritionally

balanced diets.

F. Disease

==

A number of diseases are associated with changes in the
concentration of carnitine in tissue, plasma, or urine. In general,
tissue carnitine levels decrease in disease, however, the copcentration
of carnitine in plasma or urine may eitheﬁ increase or decrease.

In studies of expérimentally—induced diphtheria in the
guinea pig (47) and experimental igchemia in the dog (40), marked
decreases (40% and 600%, respectively) in the carnitine levels of
the heart were observed. In the rat, alloxan-indﬁced diabetes.as
associated with decreases of ca 200% in hepatic carnitine levels (48).°
In man, carnitine levels decrease 20-fold in some carnitine myopathies
(50,51,52). In a fatal case of systemic carnitine deficiency,.
carnitine levels in the patient's liver and skeletal muscle decreased
7- and 28-fold below normal levels, respectively (1).

Decreased plasma carnitine levels have been reported in the

_following diseases: Crohn's Disease, malabsorption syndromes,

~
»

ulcerative colitis, and anorexia nervosa (28). These diseases are
associated with a generalized state of malnutrition. It is possible

that reduced uptake of carnitine or amino acids essential to
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carnitihe biosyﬁthesé; may be responsible for  the observed reduction
in plasma carnitine iﬁ these diseases aﬁd others such as protein-
calorie malnutrition due to under-nourishment, Marasmus, or
Kwashiorkor, in which decreased plasma carnitine levels of 29%, 69%
and 71% respectively, have been féported in affected children (53,54).

Increased plasma carnitine levels have been reported in the
following diseases: cirrhosis of the liver, chronic renal failure,
and progressive rheumatic heart disease (28,55). S

It is possible that changes in plasma carnitine levels may
be useful clinical indicators of pfotein malnutrition or renal
insufficiency in man.

Urinary excretion of carnitine, is d;creased in approximateiy

50% of the patients suffering from adrenal insufficiency, hypo-

thyroidism and hypopituitarism; hyperthyroid patients exhibit a

2-fold increase in carnitine excretion (56,57)"

.

IV. Carnitine Metabolism

A. Turnover
e ]

Early turnover studies in rats identified a number of

' ph&s@g&ogical stress conditions that influence carnitine metabolism;

.these included pregnancy and cold exposure, which increase carnitine

pool size several fold, and choline-deficient diets and alloxan-

induced diabetes,both of which decrease carnitine pool size and

turnqvgf (33,48,58). Early carnitine‘turnover studies based on

isotopic carnitine die-away curve anelyéis must be interpreted with
i

'.-' v . . . '
caution because of certain technical problems: 1) racemic mixtures

[ <8
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of -isotopic carnitine were employed; 2) low radio-specific activity
of labelled carnitine available necessitated the injection of large
doses of carnitine; 3) turnover studies Qere conducted for shert
periods of time, and 4) data analysis was based on a singlé
compartment model. Recent studies of carnitine turnover using (-)-
garnitine of high radio—épecific activity and computer analysis of
radioactive-carnitine die-away curves have overcome many of these
earlier problems. |
A kinetic model of carniFinermetabolism in the rat indicates
a carpitine pool size of 57 umoles (35 umoles/100 g boéy weight)
which is distributed between two compartments differing in size by
a factor of 5 (25). The smaller compartment, consisting of tissues
and fluids such ;s liver, blood aqd urine, contains 14 umoles and has
an estimated turnover tiﬁe of 4;6 days. The larger compartment,
con§isting primarily of muscle,contains 40 - 50 pumoles of carnitine
and has an estimated turnover time of 24 days. The average turﬁover
time of both the large and small pools is 15 - 2 days. Daily .
carnitine biosynthesis and excretion for rats maintained on carnitine-
free (lysine apd ﬁethionine‘enriched) diets‘is 2'- 3 umoles (25).
Tissue carnitine is in equilibrium with blood carnitine
through a process of blood-tissue carnitine. exchange (59). Liver
and kidney exhibit a rapid blood-tissue exchange while that of heart
and skeletal muscle is much slgwer. Some tissue§ have mofe than,
one carpitiﬁe pool (59), the physiological né;u{é of_these pools
is hot known although different cell tyﬁes within an organ and

subcellular compartmentalization between orghnelles are possibilities. .

¢
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A criticism of carnitine turnover studies to date is the

v )

in the analysis of'tissue. If the conce?t;ation of acylcarnitine
in tissues were to represent only a small fraction of the net tissue
carnitine copcentration then the reported studies would provide a
first approximation of carnitine turnover; however, acylcarnitines
represent 30 M60% of the total tissue carnitine compounds (Table I).

Therefore, it is difficult to draw firm conclusions from existing

carnitine turnover data.

B. Biosynthesis

Scheme i is a proposed pathway of carnitine biosynthesis in
the‘rat. The butyrate carbon skeleton of carnitine is derived from
lysine, the N-methyl groups from methioniné$(60;6l). Lysine;, per se,
is nét thg:éirect precﬁrsor of carnitine but is Ffirst inéorporated
into a.polyﬁlﬁtide chain where it undergoes successive methylation
at the 6-N position to form protein-bound 6-trimethyl-lysine (615.
In mammalian syétems, 6-trimethyl-lysine originates-from the
methylation of protein-bouﬁd lysine through the action of lysine
metHyltransferase and S-adenosylmethionine (62). The
observation that protein-bound lys;ne, but not l;sine or partially
methylated lysine, can be incorporated into carnitine supports the
requireﬁent that lysine first be incorporated into a polypeptide
chain before participgting in carnitine biosynthesis reactions (63).

In .contrast, in Neuwrospora crassa'a pathway exists for direct

" utilization of lysine and partially methylated lysiné for carnitine

biosynthesis (60). _ ' .

17

failure to differentiate between carnitine and acylcarnitine compounds
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Biosynthesis of Carnitine in the Rat®

s }
HsN' - CH,CH,CH,CH,CH - CO; Lysine
l /NHmnm .
+ Protein-bound
HaN' - CHyCHpCHyCHoCH Iysine
COnwy

S-Adenosylmethionine  Lysine Methyltransferase

?Ha ’ /NHVM
+ v . Protein-bound
CHs- T- CHZCHZCHZCH2CH\ 6-Trimethyl-lysine
» CH3s COwvv ‘
s
\ 4
(CH3)3 N* - CHoCH,CH,CH,CH - COZ 6-Trimethyl-lysine
“ i
\\\+ H—?-COE ) Glycine
s
+ v _' ’ . . " b '
(CH3)3sN - CH2CH2CHa2- CO2 : "4-Trimethylaminobutyrate
»
o-Ketoglutarate, 4-Trimethylaminobutyrate
0,, Fe?* ,Hydrolase
CH; OH
CH; - *P - CH,CHCH, - CO; : Carnitine
CH3 .

Adapted from : Horne, D.W., and Broquist, H.P. (1973). Role of
lysine and €-N-trimethyllysine in carnitine biosynthesis:

. Studies in Newrospora crassa. The Journal of Biologtcal Chemistry
248, 2170-2175.

Hochalter, J.B., and Henderson, L., (1976).
Carnitine biosynthesis: The formation of glycine frém carbons 1
and Zz of 6-N-trimethyl-L-lysine. Biochemical and Biophysical
-Research Communtcatzons 70, 364-366.

| ‘ Cox, R.A., and Hoppel, C L. (1973). Biosynthesis of

carn1t1ne and 4-N-trimethylaminobutyrate from 6-N- ~trimethyllysine.
" 136,
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The proteolysis of pro;ein-bound 6-trimethyl-lysine to freé
6—tfimethy1-1ys;ne is not well unaerstogg; It is unlikely, however,
that this step is rate limiting in the‘biosynthesis of carnitine
in the normal metabolic steady-§tate (63). Since free 6-trimethyl-
lysine can be converted to carnitime, the proteolytic conversion of
protein-bound 6-trimethyl-lysine to free 6-trimethyl-lysine probably
occurs prior to the formation of 4-trimethylaminobutyrate.

6-%rimethy1-1ysine is converted directly to 4-trimethyl-
aminobutyrate; this direct conversion'is sppported by the observations
that a two-carbon fragment, which is probably gly¢ine, is formed in
the reaction (64} and neither 6-trimeghylaminohexanoate nor 5-N-
trimethylaminopentanoate can be converted to carnitine (65).

4—Trimethf1aminobutyrate‘can be synthesized by most tissues
but only the liver, and to a minor extent tﬁe testes, are capable
of converting.it to carnitine (66,67,68,69,70). The hydroxylation
e

of 4-trimet laminobutyiate to form carnitine is catalyzed by the

microsomal enzyme, 4-trimethy1aminobutyratg hydroxylase; the reactiqn
requires as co-factors moleéhlar oxygen, ferrous ion, and amkeéo- (
glutarate (71,72). The liver has sufficient 4-trimethylaminobutyrate
hydroxylase activity to account for the estimated rates- of carnitine 3
biosyntliesis in the rat (73). h

Although the liver has all the enzymes necessary for -the
complete biosynthesis of carnitiné‘from lysine and methionine it
can also use éircqlati?g 4-trimethy1aminobutyrate.(74); thg

contribution of extra-hepatic 4-trimethylaminobutyrate to hepatic,

carnitine’ biosynthesis is not known. Aside from conditions limiting

s
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the exogenous intake of carnitine, lysine or methionine, factors
regulating the synthesis of carnitine }emain to be eiucidated. The

need for information in.this area of carnitine metabolism is underscore&&\
by the recognition that the basic metabolic defect in' systemic

carnitine deficiency is the patiegtls inability to synthesize

carnitine in sufficient quantity to supplement exogenous carnitine

intake to meet body demands (75). N

C. Degradation

After injecting methyl-labelled radioactive carnitine into
rats, over 90% of the radioactivity excreted in the urine cén be
found in carnitine; the only other compound containing significant - -
radioactivity is.B-methylcholine (76). .
B-methylcholine is a decarboxylation product of carniiine
and is produced by the enzyme reaction: - : T

Carnitine decarboxylase
—> B-methylcholine + CO2 + ADP + Pi~

Carnitine + ATP
. 2t

Mg
Carnitine decarboxylase is a mitochondrial enzyme found primarily in
heart and muscle with iesser amounts in liver and kidney. The purified
enzyme, isolated from rat-heart, has d‘Km of 2.4 X 10;“M for DL-
carnitiﬁe and a slightly higher value for dcetyl- and.palmitoylcafnitine.
Q76). "The activity of this eﬁzyme increases guring conditions : ®
of enhgnéed fatty'apid oxidation4e.g. choline deficiency, p;eghancy,
high fat intake, cold exposure and alloxan-induced diabefss in rats (76).
. The physiological role of carnitine decarboxylase is not

known although it may function to prevent excessive loss of acetyl
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groups, as acetylcarnitine, from mitochondria by converting carnitine

¥

to B-methylcholine,

V.  Carnitine Transport Across Membranes .

A. Plasma Membrané Transport

Active transport mechanisms exist iﬁ the plasma membrane of
the cell that are responsible for the uptake of carnitine from the
blood. Active transport of carnitine into cells is supported by the
observations that 1) tissue carnitine concentrations are much greater
than that of the blood e.g. 60- and 500-fold in heart and epididymis,
fespectively (77,78), 2) even though tissues in vivo are perfused by
blood of the same carnitine concentration, there are considerable
differences in tissue carnitine concentrations (Section II. B., Table I),
and 3) the movement of carnitine through the plasma membrane requires
a high activation energy suggesting the presence of a carnitine
carrier (79). Active transport of carnitine into isolated liver
celis, cultured human heart cells, and fibroblasts has been reported
(79,80). Carnitine uptake by these cells exhibited substrate
specificity, saturability, transport against a éoncentratioﬁ gradient,
and inhibition By 2,4-dinitrophenol (78,79).

A common carrier for carnitine and 4-trimethylaminobutyrate
exists in heart and liver. In }iver, the carrier has‘a greatér
aff%nity for 4-trimethylaminobutyrate (Km = 0.5 mM) than for
carnitine (Km = 5.6 mM).whéreas in heart, ghe car;ier has approximately
the Same affinity for both carnitine and 4-trime£hy1aminobutyrate

(km = 4.8 and 5.7 uM, respectively) (79,80); Differences in K_
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for carnitine and 4-trimethylaminobutyrate in the liver may reflect
the physiologiéal role of this tissue in carnitine biosynthesis from
circulating 4-trimethylaminobutyrate synthesized by extra-hepatic
tissues. Differences in Km between heart and liver for carnitine
may reflect a greater metabolic need for carnitine by the heart to
meet the demands of fatty acid oxidation.

An inducible, active, carrier-mediated transport system
for carnitine has been described in the bacteria Pseudomonas
aeruginosa (81). The Km for carnitine in this system 1is 0.63 mM.
Chloramphenicol inhibits the induction of the transport system by
carnitine suggesting the presence of an inducible proteinaceous’
component of th; carrier, Whether or not the carnitine transport

system in heart and liver is inducible or const)tutional is unknown.
- i

Hormones may be involved in the regulation of carnitine

’

uptake. Carnitine uptake by rat epididymis is enhanced

and suppressed by estrogen (82). The mechanism G6f action of hormones
on carnitine transport remains to be elucidated.

Information conceérning the regulation\of carnitine uptake
may find clinical applicétion in the treatment oX some ferms of

muscle carnitine deficiency that have as the biochemical) lesion

impaired carnitine uptake (83,84).

B. Inner Mitochondrial Membrane Transport
The role of carnitine in the translocation of fatty acids, as
acylcarnitines, into the mitochondria for B-oxidation requires that

carnitine dand acylcarnitines penetrate the inner mitochondrial membrane.
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In general, however, the inner mitochondrial membrane is impermeable
towards low molecuiar.weight compounds including carnifine (85,86,87):
The difficulty in moving carnitine through the hydrophobic environment
of the inner mitochondrial membrane is indicated by the high energy
of activation required for carnitine .transport through this membrane
(42 kcal/mole) compared with that of the pIasm; membrane (16 kcal/ﬁqle)
(79,88).
There are several hypotheses explaining how carnitine and
acylcarnitines cross the inner mitochondfial membrane :
| 1) Carnitine and acylcarnitines diffuse through the membrane:
the anisotropic properties of the carnitine acyltransferase
enzymes result in vectorial transport (89).
2) Carnitine acyltransferase enzymes, per se, act as _carriers
for carnitine and acylcarnitines (90). |
3) Acylcarnitines move through the membrane by moving down an
electrochemical gradient of hydrogen ions (9).

4) Carnitine and acylcarnitines move through the membrane by

a process of exchange-diffusion mediated by a carnitine-

~

acylcarnitine translocase (91,92,93).
The hypothesis most compatible with existing data is the translacase

hypothesis.

¢ The role of the carnitine-acylcarnitine translocase system in

{ i
transporting carnitine and-acylcarnitines through the innér

5

mitochondrial membrane is illustrated in Figure 2. According to

the hypothesis, there is a mole for mole exchange of carnitine -
‘carnitine or carnitine - acylcarnitine molecules; the exchange is

'

! a
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Figure 2

Carnitine-Acylcarnitine Translocase System in Mitochondria

o
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independent of metabholic energy, independent of carnitinc acyltransterase
enzymes, and inhibited by N-ethylmaleimide or mersalyl (93). ‘'the
activity of the translocase system cannot be attributed to other

known mitochondrial transport systems such as the tricarboxylate or

‘adenine nucleotide transporters (93).

VI. Carnitine Acyltransferases

Carnitine acyltransferases comprise a family of enzymes that

catalyze the reaction:

Acyl-CoA + carnitine ———————) acylcarnitine + CoA

On the basis of acyl-group chain length, three carnitine acyl-
transferases héve been identified: <carnitine short-c¢hain (C,- ij
acyltransferase i.e. acetyl-CoA: carnitine O-acetyltransferase -
EC 2.3:1.7; carnitine medium-chain (Cg- Cy¢) acyltransferase; and
carnitine long-chain (Ci2 and greater) acyltransferase i.e. hexa@g:

canoyl-CoA: carnitine O-acyltransferase EC 2.3.L:21. ese enzyines

are abbreviated CAT, COT and CPT, respecti;ffy.

’ /
"

CPT, in liver and heart preparations, was first reported

A, CPT
in 1962-1963 (94,95,96). The subcellular distribution .of CPT was
controversial, some workers claim that CPT activity is exclusively
mitochondrial (97,98) whereas other workers claim the existence of

both mitochondrial and microsomal CPT activity (99,100). At least
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for rat liver, the majority of the studies report that CPT is
exclusively mitochondrial.

Topographical studies of CPT indicate that it is located
on both the outer and inner surfaces of the inner mitochondrial
membrane (97,100,101). The enzyme on the outer surfacéaié easily
released by sonication, detergents and digitonin; but is not
affected by treatment with trypsin (102). This suggests that
although CPT on the outer surface is loosely bound it may be partiali}
buried in the membrane. CPT located on the inner surface of the
mitochondrial membrane is not released by digitonin and appears to
be tightly membrane-bound (102). CPT located on the outer and inner
surfaces of the mitochondrial membrane are designated CPT-1 or CPT-A
and CPT-II or CPT-B, respectively.- Whether or not CPT-I and CPT-A
or CPT-11 and CPT-B are the same enzymes and whether or not CPT-I
and CPT-II are the same eﬂzymes but in different locations
remains’ to be elucidated. The topography of CPT enzymes and reactijons
they catalyze are presented in Figure 3.

The properties of some purified carnitine palmitoyltransferases
are presented in Table III. The conflicting data in this table
probably reflect the inherent difficulties in delipidation,
solubilization, and purification of membrane-bound énzymes. Although
some of the differences in Table III may be attributable to

methodological differences during enzyme purification, the possibility

of species differences, allotypic behaviour,/ and the existence of
a family of CPT enzymes with different ificities can

not be excluded.
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Topoéraphy of Carnitine Palmitoyltransferases
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Long-chain saturated fatty acids are not the only
substrates of CPT, other substrates include.unsaturated fatty
acids (103), B-substituted fatty acids (104) and dicarboxylic
fatty acids (105); the reaction rates of these substrates with

v

CPT are generally less than for ‘long~chain saturated fatty -
acids. ’

. Drugs, hormones, diet and disease are factors that can
alter the activity of CPT enzymes. Factors increasing CPT activity
include fasting (100,106), high-fat diets (107), exercise {108),
thyroxine (109), clofibréte (110,111), and diabetes (112). Facfors
ae&reasing CPT activity include chronic ethanol ingest%on (113),
myocardial ischémia (49,114), and some forms of targitine myopathy
(115,116,117).

CPT plays an‘integral role in the tran510ca£ion Sf fatty
acids fr;m the cytoplasm to the site of B-oxidation in the mito-
chondria. Aithough the inner mitochondrial membrane is impermeable

_tQAESBEEEy?iQ,§EX17Q95z it is permeable to acyicarnitines-(lOZ).
Through the combined action of CPT and carnitine-acylcarnitine
translocase, long-chain acyl-CoA is transported through the inner
mitochondrial membrane to the site of fatty acid éxidation in the
mitochondrial matrix (Figure 4).

Several linés of evidence indicate that neither CPT nor the
traﬁ;locase system are rate-limiting steps in fatty acid oxida;ion
(113,118,119,120) :

1) Palmitoyl-CoA + carnitine is oxidized at the same rate

as palmitoylcarnitine.
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Figure 4
Translocation of Acyl-groups into Mitochondria

for

B-oxidation in the Matrix
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2) CPT activity exceeds theirate of palmitate group oxidation.
3) Palmitoylcarnitine translocation exceeds the formation of
the end-products of fatty acid oxidatione.
4) CPT catalyzes a reversible reaction.
Although CPT i% not réte-limiting in fatty acid oxidation, there is
no question of itsessentiality to the process; the parallel development
of CPT and the enzymes of B-oxidation during growth and development
support a clgée-relationship betw?en the two enzyme systems (24,121).
CPT may participate in the regulation of ﬁepatic ketogenesis (12},
122). For maximal ketogenic capacity, there must be activation of
b?th CPT-I"and CPT-II, an increase in liver carnitine content,'gnd
a decrease in liver glycogen (38,124). CPT-II acti@ity may be under
the bihormonal control of insulin and glucagon (123). The inter-

- " “ -
relationships among these events in the regulation of ketosis is not

known,

5 -
/ The physiological functions of extra-mitQchondrial CPT are
not understood. The pres@pce CPT in the membranes of erythrocytes

and synaptosomes suggests that CPT in these membranes may be involved
in fatty acid transport (125,126). The observation that microsomal
CPT is influenced to a greater extent than mitochondrial CPT by

P

hormonal and nutritional factors .(109) warrants fg}ther investigatien.
B. AT

CAT)in extracts of pigeon and sheep'liverﬁ)was first reported
in 1955 (127). Although initially réported to be an exclusively

“mitochondrial enzyme c.f. CPT, there is now good evidence that CAT

7
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has at least two extra-mitochondrial locations, i.e. the endoplasmic
reticulum and péroxisomgs 97. The,subcellular distribution of CAT

is organ specific e.g. the percent distribution of CAT among mitochondria,
microsomes, and peroxisomes is 52%, 34% and 14%, in rat liveﬁ and

94%, 6% and 0% in rat kidney, respectively (97).

Mitochondrial CAT has a dual location in the inner mitochondrial
membrane with 25% being on the outer surface and 75% bei;g on the inner
surface (128).

CAT in the endoplasmic reticulum is tightly membrane-bound
and evenly distriﬁuted between the rough and smooth regions (129).

CAT in peroxispmes differs from that of mitochondria and micrésome§
in that it is not mémbrane—bound but exists in the soluble space
of the peroxisome-(130}.

The'p;operties of some partially purified c;rnitine acetyl-
transferases are presented in’T;ble IV. CAT has not beén purified
from rat liver, therefore, for comparison purposes data on CAT
purified from pigeon breastmuscle and pig heart are included in the !
table. Even though the enzymes are only partially purified, it is
apparent from the data in Table IV that microsomal and pe;oxisbmal
CAT. enzymes might be the same protein, equally apparent is that CAT
preparations from pigeén and pig differ from rat preparations.

Although there is little informétion-in the literature
regarding factors that altef CAT ac{ivity,'the following are known
to elevate CAT activity: fasting (107); éiofibrate (131); di-2-

ethylhexyl phthalate (132,133), and possibly téstostefpne (78,134).

-

IS
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.

Several physiological functions have been attributed to CAT.

The ability of certain tissues to maintain the equilibrium:

[Acetyl-CoA] [carnitine]

K = 0.6

[CoA] - [acetylc§rnitine]

in different steady-state conditions,indicates that the CAT equilibrium
is a‘mechanisméffgzgg;—zzggabs can buffer changes in acetyl-CoA. High
CAT activities in heart and sperm suggest that this buffer system
may exist inmthese tissues {135).
CAT may fpnction to transport acetate, as acetylcarnitine,
out of the: mitochondrial compartment'to the cytoplasm for de novo
fatty‘acid synthesis (136). The relative contribution of this source
of acetate is minor in.ébmpariion to that which is provided by the
action of the éitrate-cleavage enzyme; however, under different
conditions ;r in tissues other thdan the liver this may nof be the
case. ..
.Microsomal CAT could provide a mechanism whereby acétate and
malonate, 'as acetylcarnitine and malonylcarnitine, reach sites of
acetylation or elongation reactions buried in the membrane of the

endoplasmic, reticulum. A better understanding of CAT must await

topographical studies of CAT in mitochondrial and microsomal membranes.

c. o

COT was first reported in 1971 (137) and its existence
confirmed in 1972 (138). COT has the same subcellular distribution
as CAT i.e. in mitochondria, endoplasmic reticulum, and peroxisomes

(129,130). ‘
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A possible rele for COT in amino acid metabolism has been
proposed. The degradation of leucine and valine involves their
transamination to a-keto—acids in peroxisomes and then decarboxylation
to form acyl-CoA in the mitochondria; COT may convert the a-keté—acids
toacylcarnitines which can cross the peroxisomal and mitochondrial
membranes thereby linking the two compartments involved in amino acid

e
{
degradation (6).

s

VII. Carnitine Ester Hydrolases.

Carnitine ester hydrolase (CEH) catalyzes the reacpion:

CEH
Acylcarnitine + H,0 -)» carnitine + fatty acid

v

CEH located in' the microsomal fraction of rat liver has a Km of 5 mM
and catalyzes the hydrolysis of carnityl esters of chain length
Ce - C1s (14); CEH located in the outer mitochondrial membrane has a
Km of 2 mM and catalyzes the hydrolysis of carnityl esters of chain
length C, - Cy (139). W\ -
| Microsomal CEH has no established role but may function to
prevent§£he cell from accumulating high concentrations o long-chain
: acylca%nitines;high concentrations of palmitoylcarnitine e.g. 0.3 mM,
inhibit oiygen uptake by mitochdhdria and cause mitochondrial
lysis (14).

Mitochondrial CEH may function to maintain high levels of
carnitine for fatty acid transport into mitochondria during time;h
Sf iﬁchased fa$;y acid oxidation; the observation that mitochondrial

CEH activity iné&eases during fasting.suppOrts this role (139).
- . 4 . .



36

Mitochondrial CEH and CAT are responsible for the hydrolysis
of acetyl-CoA to acetate and CoA, a reaction formerly attributed to
acetyl-CoA hydrolase. In livers of rats and sheep, acetyl-CoA
hydrolase has been shown to be artifactual; its activity is due to
the combined action of CAT and CEH in the following reaction
sequence (139,140):

CAT | .
Acetyl-CoA + carnitine ——————— acetylcarnitine + CoA

CEH
Acetylcarnitine + Hy0 -—————) acetate + carnitine

Overall Reaction:

Acetyl-CoA + H,0 ——————— acetate + COA

(Y

VIII. Carnitine and Arterial Wall Metabolism

Carnitine and carnitine acyltransferase enzymes are present o
in arteries and are undoubtedly involved in normal arterial lipid
metabolism, and may, in addition, be pertinent to the development of
atherosclerosis. Some hypothetical roles for carnitine in loné—chain
fatty acid metabolism in normal and atheresclerotic arteries are

presented in Figure 5,

A. Fatty Acid Synthesis

Arterial fatty acid synthesis increases in atherosclerosis;
both de. novo synthesis in the cytoplasm and elongation in the

‘mitochondria increase approximately 4-fold (141,142,143,144)., In situ



37

Figure.5

Carnitine and Acyl-CoA Metabolism in_the Artery
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fatty acid synthesis may contribute up to 50% of the fatty acids

that accumulate in atherosclerotic arteries (145,146). The mechanisms
involved in the stimulation éf fatty acid synthesis in atherosclerosis
are not knowﬁ.

Carnitine increases de novo fatty acid synthesis in cell-free
preparétions of rat liver (147,148), and increases the conversi;n of
acetate, glucose, and é;?ﬁVEfe into fatty acids; this suggésts that
carnitine stimulates an efflux of acetyl-groups—from mitochondria to
the cytoplasm for fatty acid synthesis. Although in liver the
contribution of acetate from acetylcarnitine efflux out of
mitochondria is considered to be of minor importarice to de novo fatty
gcid synthesis (136), this may not be true in the artefy; particularly
in the atherosclerotic artery in wﬁich the activity of theé tricarboxylic
acid cyclé is markedly depressed and the availability of citrate '
possibly reduced (149). ‘

In'addition to carnitine,acylcarﬁitines also increa;e fatty

acid synthesis. In 109,000 X g liver supernatant fractions,

palmitoylcarnitine inérqases_f%;fggg/faff?‘acid synEEesis 5- and

"

10-fold in fed and fasted rats, respectively (150). This

increase is observed when dcetate, but not malonyl-CoA,is the
suﬁstrate_ana suggests that éhe stimulation of fatty aé}d synthesis
occurs at the level of acétyl—CoA carboxylase, the ;ate;limitiné
step in %atty acid biosynthesis. Partially purified preparations of
acetyl-CoA carboxylase are stimulated 2f3 fold by palmitéylcarnitine,

,

even after the enzyme has been optimally activated by magneéiﬁm and

citrate (151). Since palmitoyl-CoA inhibits acetyl-CoA carbokylase,

-

J
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the ratio of palmitoylcarnitine:palmitoyl-CoA in the vicinity of
this enzyme may be a ?egulatorf factor in fatty acid synthesis (150).

The major mechanism of fatty acid synthesis in the aorta
is mitochondrial fatty acid elongation (152). This has been
déﬁonstr;%ed in arteries from rabbits (153), monkeys (145), chickens
(154), and humans (155). Although acyl-CoA is the ultimate substrate
for mitochondrial- elongation reactions, acyl-CoA is first converted
to an acylcarnitine so that it éan reach the site of eloﬁgation in
the inner mitéchondrial membrane. Supporting this sequence of events
are the observations that acylcarnitines are active primers of
mitochondrial fatty acid elongation and acylcarnitines are better
primsr; than acyl-CoA in intact mitochondria but acyl-CoA is
the preferred primer in disrupéed mitochondria (156,157). Since
in the aorta mitochondrial fatty acid elongation is the major
mechanism of fatt§ acid synthesis, the concentration of carnitine and
the activity of CPT may be important determinants 6f fatty acid

" synthesis in the artery.

B. Phospholipid Synthesis

)Thelphospholipid concentration increases several fold in the
arteries of atherosclerotic monkeys, pigeons, rabbits, and man (143,
158). The méjo; phospholipid classes involved in atherosclerotic
arteries.are phosphatidyl choline ;nd sphingomyelin &559).

d a?rﬁitine increases the rate of palmitate incorporation into
mitochondrial phosphdlipids. In guinea pig and beef heart mitochondria,

carnitine increases the inéorporation of palmitate into phosphatidyl

. ’ “.‘ [
4-/. A
. [ a

. .
-
. .
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choline 3-fold; carnitine has no effect on palmitate incorporation
into microsomal phospholipids (160). Increased incorporation of
agétate into mitochondrial phospholipids occurs in arteries of
rabbits fed cholesterol-supplemented diets (161), possibly carnitine
is involved in this reaction. In addition, an increase in fatty acid
synthesis caused by carnitine or palmitoylcarnitine could increase

the supply of fatfy acids available for phospholipid synthesis.

C. Fatty Acid Oxidation

In the artery, 40% of the ATP is derived from glycolyéis,
60% from oxidative phosphorylation (162). Since only 1-6% of the
glucose entering the glycolytic reactions enters the tricarboxylic
acid cycle, a major source of acetyl-CoA is from the B-oxidation of
fatty acids (143). ATP production ffom the oxidation of fatty acids
is particularly important in the atherosclerotic artery since the
activity of maﬁy enzymes in the tricarboxylic acid cycle is reduced
in atherosclerosis e.g. aconitase - 15%, malate dehydrogenase - 20%,
and fumarase - 45% (149). Unimpaired ATP production is essential
if the artery is to repair the tissue damage in atherosclerosis.

Oxygen consumption due to fatty acid oxidation increases
from 4% in normal arteries to.SO% in atheroscleratic arteries (163)
and suggests that fatty acid oxidation increases in atherosclerosis.
In support of this idea is thé‘observation that atherosclerotic
intimal-medial segments exhibit a 15-fold increase in their capacity

to oxidize fatty acids to CO, compared to-normal intimal-medial

segments (164). Given the role of carnitine in B-oxidation, changes

-
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" cannot{be Overcome by increasing the concentration of glycerol-3-

4]

in carnitine concentration, CPT activity or perhaps the carnitine-
, .

acylcarnitine translocase system may be responsible for the increase

in fatty acid oxidation in atherosclerosis.

D. Factors in the Regulation of Oxidation vs Esterification Reactions

* Whether or not acyl-CoA is esterified to carnitine and directed

toward fatty acid oxidation and fatty acid elongation reactions or

is esterified to glycerol-3-phosphate and directed toward acylglyceride
and phospholipid synthesis, depends on the relative activities of

CPT and glycerophosphate acyltransferase (acyl-CoA: sn-glycerol-3-
phosphate O-acyltransferase, GPT), the concentration of carnitine,
glycerol-3-phosphate, and acyl-CoA.

In rat liver, at low concentrations of acyl-CoA, esterification
of acyl-CoA to glycerol-S-phﬁsphate is favoured due to the lower Km of
GPT compared to CPT; at high concentration$ of acyl-CoA, esterification
of acyl—CbA to carnitine is favoured due to saturation and sugsequent
inhibition of CPT and concomitant increase in CPT activity (106,165,166).
Increasing the concentration of carn}tine in hepatocytes results in .
an increase.in the oxidation of écyl-CoA to carbon dioxide and a
reduction ?n f?iacylélyceride formation but has no effect on
phospholipid synthesis; increasing the concentration of glycerol-s-
phosphate increases the formation of triacylglycerides only slightly.

.Although the effects of glyc;rol—S-phosphate can be overcome by
increa%ijijghe concentration of carnitine, the effects of carnitine

¥

phosphate (167).
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In atherosclerotic arteries there is increased oxygen
consumption (163) , iﬁcreased oxidation of fatty acids (164),
increased fatty acid synthesis by mitochondrial elongation (143),
and decreased incorporation of fatty acids into triacylglycerides )
(163). These biochemical changes form the basis of the hypothesis
that esterification of acyl-CoA to carnitine rather than to

glycerol-3-phosphate is the predominant reaction in atherosclerotic

aortas. Evidence will be presented to support this hypothesis.



MATERIALS AND METHODS

MATERTIALS
Buffers
Tris-HC1
Tris—(hydroxymethxl) aminomethane was dissolved in distilled
water to give a 1.0 M solupioﬁ; the pH was adjusted to 8.0 using

1.0°N HClL.

Phosphate Buffers

Phosphate buffer used for the preparation of subcellular
fractions by differential centrifugation consisted of: 0.1 M Na,HPO,,

0.1.M KH2POy, 0,5 mM EDTA (Ethylenediaminetetraacetic acid), and

2.0 mM GSH (Glutathionie, reduced .form); phosphate buffer used for ..,

the assay of carnitine paimitoyltransferase activity contained in
addition 1.0 mM KCN. Buffers were made up in distilled water and

adjusted to pH 7.35 using concentrated HCl.

Chemicals, Acids and Solvents .

All dry cﬁemicals, acids and solvents were reagent grade
and used without further purification except where indicated

o;hgywise.

43
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Acetylcarnitine (P-L Biochemicals Inc., Milwaukee, WI, U.S.A.)

(-)-Acetyicarnitine chloride, melting point: 188°C, was

dissolved in chloroform:methanol (l:lj, to give a concentration

of 1 mg/ml.

Butyrylcarnitine (P-L Biochemicals Inc.)

()-Butyrylcarnitine chloride, melting point: 148°C, was
dissolved in chloroform:methanol (1:1) to give a concentration of

1 mg/ml. ' \

Carnitine tSigma Chemical Co., St. Louis, MO., U.S.A.)

(2)-Carnitine hydrochloride, was dissolved in distilled water
to give a 2.0 mM standard stock carnitine solution. Carnitine was
also dissolved in chloroform:methamdI(1:1) to give a concentration .,

t

of 1.5 mg/ml.

Palmitoylcarnitine (P-L Biochemicals Inc.)

‘L-Palmitoylcarnitine chloride, melting point: 164°C, was
dissolved in chloroform:methanol (1:1) to give a concentration of

1 mg/ml.

Carnitine acetyltransferase (Sigma Chemical Co.)

- Acetyl-CoA: carnitine O-acetyltransferase EC 2.3.1.7, had
a stated enzyme activity of 90 units/mg of protein; one unit converts e
1.0 umolé of acétyl-(—)-carnitine and CoA to (-)-carnitine and °

acetyl-CoA per minute at pH 8.0 and 25°C.

© ¢ ' -



N

45

Acetyl-CoA (Sigma Chemical Co.)

.Acetyl-CoA, the lithium salt, puriiy 90%, was dissolved in
1.0 M Tris-HC1 buffer at pH 8.0 to give solutions of the required
concentration. Acetyl-CoA solutions were prepared fresh on the day

of use and stored at 5°C until use in the carnitine assays.

Palmitoyl-CoA (Sigma Chemical-Co.)

} Pglmitoyl-CoA, the lithium salt, purity 85%, was dissolved
in phosphate buffer at pH 7.35 to give solutions of the required

concentrations.

Bovine Serum Albumin (Sigma Chemical Co.)

e

Bovine serum albumin, fraction V powder, was dissolved in

»

distilled water to give a concentration of 2 mg/ml.

Deoxyriboﬁucleic Acid (Sigma Chemical Co.)

Calf thymus DNA standard, 'sodium salt, was dissolved in

distilled water'(boiled) to gﬁve a concentration of 1 mg/ml.

-

5,5'-Dithiobis~2-Nitrobenzoic Acid (DTNB) (Sigma Chemical Co.)

DTNB was prepared as a0.2mM solption ﬁn 2.5% (w/v) KHCO,
in distilled watqf. DTNB solutibns'were'ﬁgepa;éd fresh on the day of .
use a;d protectéd'from exposure to light. Re-cry?tallization of

N {
DINB from glacial acetic acid did not improve the chromogenic

properties of DTNB.
) .

S
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Glutathione (GSH) (Sigma Chemical Co.)

*f’éSH, reduced form, was dissolved in 0.1 M phosphate buffer

at pH 7.35 to give a 2.0 mM solution.
/
’ ¢
Sodium Pentobarbital (Diabutal, Diamond Laboratories, Des Moines, IA, U.S.A.)

Sodium pentobarbital was used as obtained at a concentration
of 60 mg/ml. Diabutal was slowly infused, i.v., to obtain desired lével

of anesthesia.

Heparin (The Upjohn Co., Kalamozoo, MI, U.S.A.)

Injectable heparin, sodium salt, USP; 1000 units/ml,

ry "-‘z
isolated from beef lung, was used.

Rhodamine 6 G

Rhodamipé 6 G was preﬁared as a 0.05% solution in 95%

!
ethanol.

0-Phthalaldehyde (Sigma Chemical Co.)

4

0-Phthalaldehyde was dissolved in glacial acetic acid to
give a concentration of 50 mg/dl. Solutions were protected from

light and prepared fresh on the day of use. ‘ ] )

Liquid Scintillation Counting Fluid (Amersham/Searle Corp., Arlington
Heights, IL., U.S.A.) ' |

Scintillation fluid was prepared by dissolving 5.0 g of
2,5-diphenyloxazole and 0.3 g-of 1,4Jbis-2;(4—méthyl-S-ppenylogazol-
- 2-y1) benzene in~1.0 liter of toluene. The solution was stored in

- “"the dark.



47

Protosol (New England Nuclear, Boston, MA., U.S.A.)

-

Protosol, a quaternary ammonium hydroxide tissue solubilizer,’

was stored at room temperature and out of direct sunlight.

Radioactive Compounds

DL- [methyl 18] Carnitine Hydrochloride (Amersham/Searle Corp.,

Arlington Heights, IL., U.S.A.)
Specific activity: 51 - 54 mCi/mmol.

Radiochemical purity: 99%.

DL- [methyl-3H] Carnitine Hydrochloride (Amersham/Searle Corp.)

‘Specific activity: 60.0 mCi/mmol.

Specific activity: 1.7 C/mmol.

Radiochemical purity: 98%.

Ve

L-[1-'*C] Palmitoylcarnitine Chloride (New England Nuclear, Boston,

MA., U.S.A.)

Specific activity: 55.26 mCi/mmo}.

9
RS

Radiochemical purity: 99

(4

[1-1%C] Palmitoyl-CoA (New England Nuclear)

Radiochemical purity:- 99.4%.

Chromatographic Techniques

Solvent Systems for Thin Layer Chromatography

Solvent System 1 o ~'ud(

n-butanol:glacial acetic acid:water (120:50:30; v/v/v)

L4



Solvent System 2
chloroform:methanol:50 mM sodium acetate in distilled water
(4:4:1, v/v/v).

Solvent System 3

n~hex$ne:diethy1 ether:glacial acetic acid (146:50:4; v/v/v).

Thin Layer Chromatograph}c Plates (TLC Pf%tes)(EM Laboratories Inc.,
Elmsford, N.Y., U.S.A.)

Glass TLC—plates, 20 X 20 cm, were coated with celluylose
(thickness = 0.01 mm) or silica gel G (thi;kness = 0.25 mm).

Pre-development of plates in“solvent systems was not necesLary.

METHODS

Animals and Diets

Male-New Zealand rabbits were used in all of the studies.
Rabbits, initially weighigg 2.5 Kg and approximately 12 weeks of age,
were individually housed in stainless steel, wire bottomed cages.
Food and water were availgble ad 1ibitum. s

Blood samples were taken via cardiac punéture using 5 ml
heparinized glasg syringes with 1 l/é inch.#ls or #20 Luer-Lok.
needles. Animals-&eré.;acrificéd by exsanguination, under light
sod{%m pentobarbital anesthesia, by cutting.the neck vessels.

ﬁ ‘
i

Study No. 1 /

These animals were used in a study designed to investigate -

the influence of .age on arterial carnitine.levels. Rabbits, 8 - 24

—

weeks of age, were fed a low-fat (LF) stock diet of pelleted
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rabbit chow (composition of‘'diet given in Table V); 1 week old
rabbits were obtained through the McMaster University animal facility

on the day of the experiment.

Study No. 2 and No. 3

These animals were used in a study designed to investigate
the influence of dietary cholesterol on arterial and plasma carnitine
levels.. Age-matched rabbits were randomly grouped and .maintained
" on.one of the following diets for 15 - 20 weeks: (a) a non-

atherogenic High—fat (ﬁF) diet consisting of pelleted rabbit chow
supplemented with 5% lard, o; (b) an atherogenic high-fat cholesterol

. (HFC) diet consisting of the HF-diet supplemented with 1% cholesterol.“
Cholesterol was dissolved in melted lard which wa4 then mixed with

. !
the pelleted chow diet.

=

Study No. 4

These animals were used'in‘a study designed to investigate
tﬁe influence of dietary cholesterol on the uptake and esterification
of ‘intravenously injected radioactive carnitine by aortas and.
hearts of rabgits. Rabbits’were randomly grouped and mgintéined
on one of the folléwing dietsi .(a) a non—atherogenié control diet
consistiné of ﬁelleted rabbit chow; or (b) an athérogenéc diet
consisting of the controldziet supplemented with 5%'£ard.and 1%:
cholesterol. Animals were ma%ntained on the diets.for 7 or 17

weeks; upon completién of the dietary regimes all ;f’the animals

were approximately 26 weeks.of age and weighed on the averége 3.7 Kg.

-



Table V

Composition of Pelleted Rabbit Chow’

5

Crude pratein not less than ..... s ciieeeee.. 16,0%

-

Crude fat not 1ess than ..., . v v iirnnrronnesnns e 2.0%

Crude fibre not more than ........v v vvvvevneersoes.. 20.0%

CalCIUM v vt vr e vn o st nonrnoonnsonsneoensnsosossneonases 1.2%
Phosphorus ..;........................ ..... Cereeenes 0.5%
St v ittt ettt i i et inaesnenss 0.8%

Vitamin A not less than 2000 I.U./1bh. - i

!
Ralston Purina of Canada Ltd.

50
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Each rabbit received via- the marginal ear vein an injection
of 5 uCi of DL- [methyl-1%C] carnitine hydrochioride dissolved in
1.0 ml of a solution of 30 uM (-)-carnitine in line. At times
of either 3,15,30, or 60 minutes post-label inj:jkion, blood samples
were taken, the animal was then anesthetized, exsanguinated and
the heart and aorta rapidly excised. Tissue samples were washed

immediately in ice-cold saline and then washed in a solution of

1% carnitine in distilled water.

»

Studz No. 5§ ‘ .

‘These animals were used in a study designed to investigate

. carnitine palmitoyltransferase activity in normal rabbit aortas.

Rabbits, weighing approximately 3.0 Kg, were maintained on a stock;

diet of pelleted rabbit chow. .

Study No. 6
These ahima1§ were used in a étudy designid to investigate

the influence of dietary cholesterol on arterial carnitine

,pélmitoylfransferase activity. Age-matched rabbits were Tandomly

LY

grouped and maintained on one of the following diets for:s - 48
days: (a) a non—athérogeﬁic high-fat (HF) diet consisting of

pelleted rabbit chow supplemented with 3%_pe;nut oil; Ar (b} an
atherogénic high~fat chole§£6r01 fHFC) diet consisting of*pbe |

HF-diet supplemented with 1% cholesterol.



. _ . .
Preparation and Analysis of Tissue and Blood Samples from Animals

I

in Study No. 1, No. 2 and No. 3

Tissue Preparation

~

Aortas were rapidly excised, stripped free of adventitial
tissue and immediately frozen in dry ice-acetone to reduce“
-po£entia1 changes in the acylat%gn state of carnitin? (44). The
segment of arterial tissue studied was defined anatomically as the
aortic arch plus the entire descepding aorta to the iliac

L8

bifurcation.
2

Differential Extraction of Carnitine and Acylcarnitine Compounds from

A

\ ) .
| Arterial Tissue (Flow Chart 1) ) Y
. .

A Samples were prepared according to a modified method of

Williamson and Corkey (168). Tissue (500 - 1000 mg).was pulverized
in a J?QQice-coqled stainless steel perﬁussioﬁ mortar followed by

\J .
homogenization in 3.5 volumes of 8% perchloric acid in 40% ethanol;

the homogenizers were r;nsed with 2.5 volumes of 8% perchloric

acid which was added to the homogenate. The homogenization
procedure was carried out on crushed dry icé. The homogeqates were
centrifuged at 20,000 X g (B20 International Centrifuge, rotor no.
873) for 15 minutes at 0°C. The supgrnétant fluid, containing
‘acid-soluble carnitine compounds i.e. carnitine and short-chain
(C2 - C1o) acylcarnitines, was divided into two pogls. One pool

was neutridlized using%3.0 M K,CO; in 0.5 M triethanolamiﬁé and

assayed for carnitine; the other pool was adjusted to pH 12 using

1.0 N KOH, saponified for 2 hours at 25°C to hydrolyze short-chain

-

e



Flow Chart 1

53

°

Differential Extraction of Carnitine and Acylcarnitine Compounds from

frozen arterial tissue,
powdered, homogenized in

8% perchloric acid-40% ethanol

|

centrifuge ‘
20,000 X g, 10 min 5°C

1

(residue)

saponify, pH 12, for 2 hr.

at 65°C (1.0 N KOH)

precipitaté protein
(72% perchloric acid)

l

centrifuge
20,000 X g, 10 min 5°C

(residue)

l

extract with hexane-
ethanol (1:1) then
ethanol-diethyl ether

(1:2) 1

ovén-dry at 100°C

l

weigh

| ,

LIPID-FREE DRY WEIGH

Arterial Tissue

{supernatant)

neutralize, pH 7.0
(3.0 M X,C0O; in
0.5 M triethanol-
amine)*

CARNITINE + SHORT-
CHAIN ACYLCARNITINES

assay for
CARNITINE

(supernatant)

neutralize, pH 7.0
(12% HC1)*

LONG-CHAIN
ACYLCARNITINES

[(acylcarnitines now

hydrolyzed to
carnitine)

(]

assay for
CARNITINE

saponify, pH 12,
2 hr at 25°C
(1.0 N KOH)

neutralize, pH 7.0
(12% HC1)*

CARNITINE + SHORT-
CHAIN ACYLCARNITINES
(acylcarnitines now
hydrolyzed to
carnitine)

assay for
CARNITINE

o

“xe

* Centrifugation at 20,000 X' g may be necessary
to sediment residual KC10,
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acylcarnitine compounds and then neutralized to'pH 7 using 12% HCl,
and assayed for carnitine. The difference in carnitine concentration
between the saponified and non-saponified pools provided a measure
of short-chain acylcarnitine compounds originally present in the
sample. The homogenate residue, containing acid-insoluble
carnitine compounds i.e. long-chain (Cy; and greater) acylcarnitines,
was suspended in distilled water (2 ml/g fresh weight of residue)
and saponified as described previously for acid-soluble
acylcarnitine, however, the sampleslwere incubated at 65°C rather
than 25°C. After saponification, the samples were allowed to cool
to room temperature. Next,the protein was precipitated with a‘few
drops of 72% perchloric acid and removed by centrifugation. The
supernatant fluid was neutralized to pH 7 and assayed for carnitine;
this provided a measure of long-chain acylcarnitine compounds
originally present in the sample. The proteinaceous residue was
washed with 3.0 ml of 5% trichloroacetic acid, extracted with
2 X 3.0 ml n-hexane:ethanol (1:1) then with 2 X 3:0 ml ethanol:
diethyl ether-(1:2) in a 50°C water bath for 30 migﬁtes. The
‘lipid-free residues were oven dried at 100°C for 1 hour and then
weighed.

Losses incurred during sample preparation were monitored
by adding 0.4 umoles 6f (-)-carnitine to half of each sample
which was then processéd’aloﬂg\k;th other samples. All ddta
were correfted to 100% récovery.

Whole blood was centrifuéed at 800 X g (International

Equipment Co., Model PR-J) and the supernatant plasma removed.
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Plasma protein was precipitated with a few drops of 72% perchloric
acid and sedimented by low-speed centrifugation. After adjusting
the deproteinated supernatant fluid to pH 7 using 3.0 M K,CO3 in
0.5 M triethanolamine, the samples were assayed for‘carnitine.
Tota} plasma cholesterol i.e. cholesterol + cholestercl esters,
and triacylgylcerides were extracted into a sﬁ%pension of zeolite

in isopropyl alcohol and analyzed on a Technicon Autoanalyzer (169).

Enzymatic Determination of Carnitine

v

Carnitine was assayed spectrophotometrically using the DTNB
assay based on the coupled reaction system (19):

CAT :
Acetyl-CoA + carnitine ——————> acetylcarnitine + CoA

€o,” €Oz~ o2 . co,
CoA + NOz S-S@- NO,———— Noz-@s' + CoA-S @Noz
~ (DTNB) \ : - |

chromogen

€ = 13,600 cm~! at pH.8 at 412 nm

Each sample cuvette contained 100 umoles of Tris-HCl at pH 8,

0.1 umoles of acetyl-CoA, 0.1 pmoles of DTNB, 0.5 umoles sf neutral
EDTA, 0.1 ml of sample and distilled water to give a final volume
of 0.5 ml. The re}ction w;s initiated by the addition of 5 ug

of carnitine aceéylt?ansferase (CAT).. The change in absérbance
was fol}dwed at 412 nm for 10 minutes using a dual beam Spectronic
20 necorﬁing spectrophotometer'(Bausch Lomb); all assays were !

performed at room temperature.
N

i

]

} .

i - ¢

x
7
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Preparation and Analysis of Tissue and Blood Samples from Animals

in Study No. 4

Tissue Preparation
¢

The segment of arterial tissue studied comprised the aortic’
arch plus 8.0 cm of the descending aorté; aortas were stripped of
adventitial tissue, cut longitudinally, and traced on graph paper

to permit the calculation of arterial luminal surface area.

Extraction of Carnitine and Acylcarnitine Compounds from Arteridl
% .

Tissue

= —

The defined segment of aorta, heart (1.0 g wet weight), a?d
blood (1.0 ml) were homogenized in 20 volﬁmeé of ice-cold chlorof;rmf
methanol (1:1) and owed to extract overnight at 5°C. Extracts
were centrifuged at 800 X g (Intqgggtional,Equipment Co., Model Pé-q)
for 5 minutes to sediment tissue residue and the supérnatant.fluid.
removed; tissue residues were re-extracted with 2 X 5.0 ml of
chloroform:methanol (2:1)., The supernatant fluids were combined
then washed according to Folch et al. (170). Ca*nitine—and shor£=
chain acylcarnitines were extracted into the aqueous phase AfKthe .
Folch wash; long-chain acylcarnitines were extracted into the
organic phase of Fhe Folch wash. Test tﬁbeé goﬁtaining the
aqueous and organic phases were placed in a 45°C water bath~aﬁé .
the sampies evaporated to near dryness upder a gentle stream of
nitrogen; 7.0 ml of chloroform:methgnél kl:l) was added

to each -tube.
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Aliquots .(1.0 ml) 5f the samplés containing carnitine andl
sﬁort-chéin acy1carnitines were applied to TLC-plates coated with
cellulose and chromatographed in two differgnt solvent systems
i.e. Solvent System 1 and Solvent System 2, in order to compare
and confirm results. Bands on the TLC-plates were visualized

-

with iodine vapour; bands corresponding to carnitine, acetyl-

» carnitine, anq butyrylcarnitine were identified wfth the usé.of
co-chromatographing carnitine and acylcarnitine standards. In
Solvent Sys;em 1, using cellulose coated TLC-plates, the Rf'§

Y for carnitine, acetylcarnitine, and butyrylcarnitine are ;ppioximately
' 0.35; Q.63.and 0.78, respectively; in Solvent System 2; the Rf's'aré :
Oh§8,}0.§3 and 0.74, reséectivelyz. ‘ -
Aiiqdots (1.6 m15 oé the sampleg Eonta%ning long-chain
acylcarnitines were applied to'TﬁC-plates éoated with silica gel
G aﬁd chromatographéd two times in Sélvent S;stem S)in order to
separate long-~chain acylcarnltlnes from neutral 11p1ds (long-chain
acylcarnmtlnes do not mlgrate in this system))and then developed
.in Solvent System 2. Long-chain acylcgrnlglnes have an approximate
Ré of 0.6'whe£ applied on silica gel G-coated TLC-plates developéd g

1n_So¥vent System 2, : . . d\;*au;»
Carnitine -and .acylcarnitine bands were scraped into glass

. liquidLScintiliafion countiﬂg vials, 15 nl oﬁ/toluéne—baséd
11qu1d sc1nt111at10n c0unt1ng fluid’ added and the rad1oact1v1ty

o measured us1ng an Intertechnlque SL-40 11qu1d sc1nt111at1o

spectrometer (Intertedhn1que Instruments fnc., Dover, NJ., U S. A.).-
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6uench corrections were made using the exterral standerdization
method.

Radioactivity in the homogenate residue #is determined.
after dissolving the residue in Protosol.

Totar/tissue cholesterol, extracted into the organic
phase of the Folch wash, was determined by the o:phthalaldehyde
assay (171). Tissue DNA was extracted inro 5% trichloroacetic
acid at 90°C for 15 minutes then determined by the diphenylamine

assay (172).

Preparation of Mitochondrial and Microsomal Fractions from Aortas

of Animals in Study No. 5 and No. 6

The segment of arterial tissue studied comprised the aortic

-

arch plus 9.0 cm of the descending aorta; aortas were strlpped of '
adventitial tissue and rinsed 1n ice-cold 0.1 M phosphate buffer

at pH 7.35. Arteries were flnely diced and transferred to anj
all-glass homogenizer.containing 10 ml of 0 1M th&phate buffer
,at pH 7.35, 0.5 mM EDTA, and 2.0 mM GSH. "The homogeplzer was

immersed in an ice-bath while the pestle was slowly rotated
mechanically. The hoﬁogenate was transferred to ice-coild cenfrifﬁge
tubes and cenerifuged ai 900 X g (Beckman Irstruments, Inc.; ~
Model JC-21) for 10 minutes at 5°C to sedimenit celiular defris,

.

unbroken cells and nuelei. _The supernatant fiuid was decanted .

-9

and centrifuged at 8,500 X g for 10 minutes at 5°C to
sediment the heavy m1tochondr1a1 fractlon, the supernatant fldld

was decanted and centrlnged at 15, 000 X g for 10 minutes at ch f '
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to sediment the light mifochondrial fraction. The light and

heavy mitochondrial fraction§ were combined and washed in 5.0 ml -
of huffer, re-centrifuged at 15,000 X g and fihally suspended in

8 - 10 ml of buffer. Mitoeﬁondrial preparations were stored on-
crushed ice until used in CPT assays. The 15,000 X g supernatént
of the light mitochoﬁdrial fraction was centrifuged at 40,000 X g
for 10 minutes at 5°C, the sediment discarded and the supernatant'
fluid centrifuged at 110,000 X é (Beckman Instruments Inc.,

Model 1L5-65 Ultracen'frifﬁge with a T);pg 50 Ti ;otor) for 1 hour
,at 5 - 10?C to sediment the microsomal fraction. jhe microsomal

' sediment‘was-suspended in 8 - 10 ml of phosphate buffer. The
110,000 X g supernatant fluid was heat inactivated at 100°q for

15 minutes, allowed to cool, and diluted 1:1 with phosphate buffer.

’

Juntily used in

CPTtassays. Some mitochondrial.and microsomal preparations were -

Microsomal preparations weré stored on crushed ice

_sonicatéd for 3 X 15 seconds (Biosonik IV,JBronwill VWR Scientific);

¢

during the sonication procedure samples were cooled in an ice-bath.

|

but in most experiments the dortas were prepared individually.

In some expefiments 3 aortas were pooled and prepared as described

- “The protein concentration of the mitochondrial and microsomal

pxépéggfiong.was determined by the method of Lowry (173).

7

v

Determination of Carnitine Palmitoyltransferase Activity in
/ LS , =

" Mitochondrial and Microsomal Fractions , : . .
- Assay Cpndiéibns,’ f,, - \ o :,‘,

~
b

- ;7 Carpitine palmitoyltraniferase .activity in mitochondrial

«
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and microsomal suspensions was determined by measuring the

" :
incorporation of }“C-carnitine into palmitoyl-'*C-carnitine
according to the reaction:

: : CPT ) '
Palmitoyl-CoA + '%C-carnitine ——————) palmitoyl-'*C-carnitine + CoA

Unless otherwise stated, each sample tube contained 0.11 mmoles
of phosphate buffer at pH 7.35, 0.55 umoles of EDTA, 2.2 ‘umoles
of GSH, 1.1 umoles of KCN, F X 10° dpm of either '“€ or *H-
carnitine, 0.3 mg of heat inactivated 110,000 X g supernatant
protein, and.b.Z mg of mitochondrial or microsomal protein in a
final volume of 1,1 ml. The réaction was initiated by adding 11
umoles of palmitoyl-CoA to the samples which were then mixed for
3 seconds. Samples were incuﬁafed 6 minutes at 37.5°C in a
shaking wat;r bath. The reacéion was terminated by adding 2.0 ﬁl
of n-butanol to the samples which were'then mixed for 3 seconds.

-

-

Extraction of Palmitoyl-'*C-carnitine (Palmitoyl-gﬂyéarnitine).

>

Samples were stored oyernight in 5°C to extract palmitoyl-f”é-.
carﬁitine,into the butanol. ﬁheﬁ necessary, samples were centrifgged
at low-speed to induce a phase separation, the upper butanol
phase was removed with a pasféur pipette. The aqueous phase was
re-extracted with 2 X 1.0 ml of n-butanol and the n-butanol S
_ phases combinedf Palmitoylcarnitiﬁe is quantitatively"ﬁf%récted '
into the buéhnol phase by, this procedure (174). Test tubes |
containing the butanollphaseb were placed in a watetr bath .at 55°C

' - - . ‘

and the butanol evaporated to neatr dryness pnder a gentle siveam _

'
o
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of nitrogen, 3.0 ml of chloroform:methanol (2:1) was then added

to each tube.

Determination of Radioactivity <in Palmitoyl-!“C-carnitine

(Palmitoyl-3H-carnitine)

Aliguots (1.0 ml1) of the samples containing palmitoyl-'*C-
carnitine were applied to TLC-plates coated with silica gel G and .
‘chromatographed in Solvent System 2, Radioactivity in the
palmltoylcarnltlne band was determined as previously described
except the palm1toy1carn1t1ne band was v1suallzed with Rhodamine
6 G (rather than_Iz) and the radioactivity measured with-a '

: Packard Tricafb Liquid Scinti}lation‘Spectrometér (Model 3375).

|

Determination of Acyl-CoA Hydrolase (ACH) Activity in Mitochondrial

and Microsomal Fractions

ACH activity in mitochondrial and microsomal fractions pre-

-

,pared from arterles in animals used in Study No. 5 was determlned by

.measuring the release 6f [1-1"C] palmltate from [1 1% palmitoyl-

N

CoA according to the reaction:

ACH _-° '
[1-*C] palmitoyl-CoA ———) [1-1*C] palmitate + CoA

-

The assay conditions .for the ACH assay were identical to those of

. the CPT assay except the reaction mixture also contained 1.2 X 10%

’

dpm [1*1“C] palmxtoyl CoA. The react1on was termlnated bx the

Ty add1t10n of 2 0 ml of methanol The samples were extracted with

Yy
-

20 volumes of chloroﬁorm methanol (2 1) and Folch washed Test

: tubes contalnrng the organxc phase of the Folch wash WhICh

-~ - - _». -
o
»
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contained the [1-!“C] palmitate, were pliced in a water bath at

30°C and the organic phase evaporated to near dryness under a,

gentle stream of nitrogen, 3.0 ml of chloroform:methanol (2:1) «
was then added to each tube. Aliquots (1.0 ml) of the sample

were applied to TLC-plates coated with silica gel G, and

chromatographed in Solvent System 3. Tﬁe fgtty acid band s és

identified by co-chromatographing fatty acid (oleic acid) standard,

was visualized with Rhodamine 6 G, scraped into a glass liquid

scintillation vial, and the radioactivity in the sample measured

as described previously,

R . /. '
Statistical Analyses of Data

Statistical analyses were performed as indicated in
footnotes of Tables and legends to Figures. The word "significant" ’
as used throughout the text will refer to the statistical

.

significance between groups based on independent or paired t-fesﬁs.
, I
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" RESULTS AND DISCUSSION .;}
Study No. 1

Influence'of Age on Arterial Carnitine Levels in' Normal Rabﬁit Aortas

I
Introduction
Chemic§1, enzymatic aniﬂm9€yhological chengeg occur
duringlmaturation and aging of the aorta (143,175); consequently,
when attempting to identify specific changég in the artery wall |
that are due to athe;ogenesis, it is essentidl to differentiate -

between‘pafhologidél changes and those that occur normally with e
P i v

groyth and maturation. The purposé of th}g study was to investigate
the utility of the DTNB assé& for theldegéfminatiop of carnitinef
in—aréerial Fisgue-and to investigate the effects of age on the
concéntrﬁéiqn énd disﬁri%ufion of carnitine and acylcarnitinei s

\

- compounds in aortas of growing rabbits., o

Methéds\ ‘
Animals were fed the low-fat stock.diet of ;élleted‘ |
rébbif chow. Treatment of animals and prepération‘of arterial
tissﬁe’fﬁn ¢arnitine assa&s.aie described in th; ﬁootnoté of

" Table VI. 3 -

R i . . -
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Results

L

" of sensitivity of the DTNB a#ssay,

Determination of Arterial Carnitine by the DTNB Assay’

The lower limit of détection of (-)-carnitine by the DTNB

‘assay was 3'nmoles, the change in absorbance at 412 nm was linear

¥

“with respect to carnitine up to 38 nmoles, and the pH optimum of

the assay was 8.0. , \\J/////A"
<, \

There was a 20-30% reduction in the concentration of
earnitine added as an internal standard to samples during preparation;
thisreduction was not attributable to inhibition of the DTNB
assay by the perchloric ecid-ethanol homogenization medium
or to limiting concentrations of acetyl-CoA or DTNB.

Arterial carnitine concentrations were within the limits

-

. ). ) .ﬁ ) ) 1

Effects of ‘Age on the Concentration and Distribution Betweep Carnitine
and Acylcarnitine Compounds ) ' /’fa

Agg—related changes in arterlal carnitine coneent;at1on were
observed in normal rabblts between 1 and 24 weeks ofgagé (Table VI)"
The concentratlon of total acid-soluble carnltlne 1n£reased (
s1gn1f1cant1y (P <0. 01) between 1 and ‘8 weeks of ag from 119 to
565 nmoles/g of lipid- free dry weight; the 1ncrease was reflected

in both carnxtlne and short chain acylcarﬁ&tlnes which 1ncreased

3= and 5-fold,érespect1ve1y. “The disproporticnate increase in p

el - s . s |

carnitine vs acylcafnitine was not significant, as indicated by !

fhe_écflqarnifine:tetal acidqsoluble carnitine ratio (Table VI). .
- ., . * . . . }. . . B ..
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Between 8 and 24 weéﬁg/zj age, there were no significant

changes in the level of total acid-soluble carnitine, although

there was a tendency for 24-week values to be elevated. There were,
J \

however, significaht changes~in the distribution between carnitine
and acylcarnitines, as sFown by the ratio oflécylcarnitine:total

acid-soluble carnitine (Table Vi)”.,The'ratio decreased significa
’ . .
(P <0.01) from 6.4 at qvweeks';o 2,0 at 16 weeks then increased
\ ! . . - A
significantly (P <0.02) to 5.5 at 24 weeks of age. ’

Long-chain zpylcarpitine compounds were not detected in

aortas of normal rabbits in this study.,
L4

: / ‘Discussion o

v N [ - ’

DINB Assay { , -

A lower limit of detection of 3 nmoles, a linear
relationship bEtween absorbance change and carnitine up, to 38 nmoles

and a pH oﬁ&jMum of 8.0 are similar to reported values for the

o . . -

DINB assay (19). DTNB concentrations ranging from 1.0 to I0,0'mM '

|

are commégly used in DTNB assays. Since DTNB,slowly‘inactivgéeé
carn1tyhe acetyltransferase (176), a low céncentrafidn ofr

DTNB 40 2 nmn was used in the preSent study to minimize this effect
Rather than DTNB, the reagent of ch01ce in future exper1ments may

be 4,4'- dlthloblspyrldlne, this reagent does” not 1nh1b1t carnltzne

acetyltransferase and has a greater. extlnctlon coefflczent than

~
- o

DTNB (19, 800 vg 13,600 M-lem- ) (91)

L - _
- P oo

*The 20 304 reductlon in the concentratmon of carnatxneam“’if‘” -

.
~ ‘,_ e

— ez

..--. o~ g

_added to the samples as an’ 1nterna1 standard durlng sampIe Jf“l T e

o " ~r-~~*
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* preparation is similar to thae reported for chick embryo extracted
with perchloric acid;ethanol (40). The reduction in carnitine
concentratioﬁ may be due, in part, to losses incurred during
sample preparation or to co-extraction of some inhibitor of the
DTNB assay; it is esseﬁtiel, therefore, that a known amount of
carnitine be added to samples during preparation in order to
calculate an appropriete correction factor.

In conclusion, the DINB assay, when used with an
Iinteroal cainitine standard, is suitabie for the determinat}on

of arterial carnitine.
Q

Influence of Age on Arterial Carnitine

¢ Changes occur in both arterial carnitine concentration and
- f

d@stribution'between cernitihe“aﬁd acy?carnitine comgoungs in
the grow1ng rabblt Tﬁe net aortic carnitine'concentration
1ncreased nearly 5- fbld (Table Vi) durlng the first 8 weeks

lpost partum, this -increase probably represents a developmental
phenomenon as the rabbit approaches maturlty around 16 - 24 weeks
'of-age. Compared to values at 1, 8 and 24 weeks of age, the

-

concentratlon of short-chaln acylcarnltlne compounds showed an

2

) unusual varzablllty at 16 weeks WIth values ranglng from 0 - 341

;.nmoles/g of lxpld-fiee dryfwelght* there wasono ev1dence to

fsuggest'that the varxab111ty represented some uncontrolled
- s /.-»

hydnoITSLS &hrlng sample preparatlon. Cﬁangos in.the dlstrlbutlon

:r g

between carnitxne and acylcarnztine betweenAS‘ana 24 weeks may

-
s 3

w-fef%ect‘varmations—In the actlvnt? bf'carn;tmne acyltransferase

o - " . EIN -
s =", o s . El

.



. enzymes or perhaps some form of biorhythm.

Age-related changes in carnitine concentration and
carnitine acyltransferases have been described in developing
chick embryo, neonatal liver, and brown adipose tissue in the
rat (36,38,40). '

"The absence of long-chain acylcarnitine compounds in-
the aorta is consistent with findings of other workers in many
tissues of the rat (44). Based on the 19wer limit qf detection
of 3 nmoles/sample in the DTNB assay and the lipid-free dry 0
Qeight of the abrta, if the concentration of arterial long-chain

acylcarnitine compounds were less than 36 nmoles/g of lipid-free

dry weight, they could not have been detected in this study.

Summary

Arterial carnitine levels increased with age for a

-
3

‘period of 8. weeks post pégtum in rabbits maintained on the

commercial low-fat stock diet; the distribution of carnitine and
acylcainitinp compounds remained relatively constant during this

time. In contrast, during the next 16 weeks, changes_in the _

" distribution of carnitine and acylcarnitines occurred, but
without a 51gn1f1cant 1ncrease in the total carnltlne concenxratlon.

The occurrence of age- related changes in arter1a1 carnitine cdmpqsnds

emphailzes the n308551EZ of performing blochemlcal_studles,

o

particularly lipid metabolic ;iudies shbject to the effects:qf _"j}

Ve

carnitine, on age-matched .animals- I

- b
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, Study No. 2

-

Influence of Dietary Cholesterel on Arterial Carnitine Levels

Introduction
The rabbit is a useful model for ;tudying cholesterol-
induéed‘atﬁerosélerosis'(177,178). kiheromatous lesions can
be induced in rabbit aortas in a relatively short period of
time e.g. 8 - 12 weeks, by supplement1ng the animal's diet with
exogenous choiesterol In this study, eholesterol was dlssolvedl

in nelted -lard and then thoroughly mixed with the low-fat stock

diet, Addltlon of cholesterol to the diet 'in an 0il ‘vehicle

M
P

ensures an even distribution of cpolesterol in the food and
e promotes the intestinal absorption of cholesterol by the animal.

The purpose of this study was to investigate the effects of

high-fat (HF) and high-fat plus choiesterol (HFC) supplemented
diets on apterial'éarnitine levels in the tabbit,

Methods

) Diets' treatment of animals, and prepafatioh of

v A arter1a1 t1ssue for carn1t1ne assays are descr1bed in the

R fbotnote of Table: VII.- R ' g
. L -“‘. | - 'R:ésults"'t '." . ."'. "
‘e .bﬁlgigf;{;}:;‘ After 15 -'20 weeks, the 1nt1ma1 surfaces of aortas
i ;'?;}'ﬂ.',i i from anxmals receiwiﬂé.HFc were extens;vely 1nwolued wzth
v‘ﬁ;:;;;':i;:;‘;;k gygegqgatous 1&5%235f_§9%l6510n5 were observed in the HF ]
{ S (contro,l) group¢ B
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The concentration and: dlstrlbutlon of arterlal carnltlne

is preSented in Table VII, - The data in this Table is expressed
on both an absolute basis (nanomoles/aorta) and a }elatiye basis
(nanomoles/g of lipid-free dry weight); the data is

similar when expressed on either basis. However, expre551on of

v

data on an absnlute'basms is more meanlngful when comparlng
atherosclerotic.vs non-atherosclerotic tissue since the atherogenic
process is associated with progressive changes in arterial

composition such as increased collagen and elastin deposition, '

-7 .

«and thus one is faced with continuously changing baselimes unsuitable

-
N

for deriving comparative data on a relative basis. For this reason,

reference to.Table VII will consider data expressed on the absolute

basis of nanomoles/aorta.

™ The, data in Table VII indicates that lard and cholesterol

" are 1ndependently capable of modlfylng arter1a1 carnitine. First,

LI

_ the addztlon of, lard to the dlet resulted in the»appearance of’ ‘

long-chaln acylcarnltlnes wh1ch were not obserVed in arteries of
¥

3samllar1y aged rabblts fed the stock diet (Tables VI and ViI).

' Second _the addmtlon of cholesterol to the lard-contaxnzng dzet

]
. H

(HFCB resulted 1n a 3 fold 1ncrease (P <0 01) in net arterlai .o \¥

’P'carnitlne, whlch 15 the sum of total ac1d-solub1e carn1t1ne

.
\“-..xau ,.,“.. et A

—wAs mdatate& 'by the rat:.o of short»chain ae)"lcamimne‘total

Woaom o~ ~

(oarnitxne +>sﬁort-gha1n acylcarnxtxnes)ﬂp;us ac:d—insoluble

B
- .'V.

:'carnitzne (3ong—cha1n acylchnﬁmtznes), ﬂeble VIi The 1ncrease

1n net caf ‘une inuanrtas fr’ HFC-diet fedzrabﬁ1ts was .

o-

~ 1

reflected In 2~ T 3-£bld 1ncreases 1n a;14carn1t1ne‘fractlons.,

“'"--f’ *A’““‘Mw\e—n<‘r"- v e on - . - . em

‘*‘\,» N
. "




acid-soluble carnitine and the ratio of long-chain acylcarnitine:
/ 3 » 13 ’ » I3 3 . ’ . .
long-chain acylcarnitine + carnitine, the increascs in carnitine
and acylcarnitine compounds were not accompanied by changes in

distribution.

Discussion

This study demonstrates that carnitine levels in the -
‘artery can be alteredhby diet and diéease..

Although arterial_long-chain_aéylcarnitine§ were not
detected in rabbits maintaiﬁed on the stock diet (Table.VI), it
is apparent‘that'the rébbit aorta has the enzymatic capacity fbr
long-chain acylcarnitine formatign,-as‘the addition of iard_to the
animalfsﬁdiet resulted in thé appearénce of ldng—chain aéyll
carnitines representing up to 56% of the net aoréiC'carnitine

(Table VII). In this respect, the aftefy responds:to a high-fat,

djet in a manner similar to organs such as heart, liver and :

.
.

kidney (44,45). S : .
- The commerc1a11y dvailable lard used 1n the HF and HFC- . ﬁ
diets contained butylated hydroxyanlsole (BHA) and butylated
hydroxytoluene (BHT? as antxoxldants. The. total perm1531b1e .
content of BHA + BHT ir lard is O, 02 from th15'va1ue 1t can '~ iN f"-“;
.be calculated that the BHA + BHT 1ntake of rabb;ts in thls study -

-would have been apprbxlmately 0.% mg/kg/day BHA-and BHT have jgﬁf

M

‘‘‘‘‘‘
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-~

study would .affect the inferpretation of data in Table VII.

-

' ’ ‘ ‘ " Agrtas from animals fed-the stock diet supplemented with 5%
lard and 1% cholesterol. exhibited increased levels of carnitine
and acylcarnitine compounds compared with aortas ffom control”

animals receiving the stock diet supplemented with 5% lard (Table VII).

“The specific'ipcrease in the acid-solubie carnitine compounds
observed in arter1bs of rabblts fed the HFC-diet would also have
been apparent had the data been expressed on a DNA rather than
11p1d -free dry weight b351s. In our experience with rabbits,

arterial DNA and lipid-free dry weight are proportional 'to one

“ -

another in both)nor@al and atherosclerotic tissue. This indicates

.

" that increased arterial carnitine observed in atherosclerotic
arteries does-not merely reflect on increése in cellularity.

1

Although 1ncreased carnltlne can be observed in aortas from

v o

HFC-f/o rahblts on either a relatlve (nanomoles/g 11p1d«free dry

. wezght) ot an absolute (nanombles/aorta) basms, the absolute bas;s

»

provides a more con51stent.mode of. expressmon for comparatﬂve

. -

analyszs between atherosclerotlc and nonaatherosclerotlc tlssue.

.

e T f,> Several\recent studles have emﬁhasxzed the nec6551;y of comparlng ) oo

V - an, ~—

ﬁ:f_ aﬁsolgte amoants oﬁ tissue components, in 1dent1ca11y deflned o

—fIﬂ

Fe t;ssué¢Sngents, when considerlng net changes in arterial txssue

- n : . v
- .

e ;componenﬁs (180~381) Bxpre551on of ﬂata on, the reiative bas1s of L

e LA vglcg wet weight may expzain the insigm.f:.cawt &ifferenaes “in L

.
. . S Loy S -
A AT A YR A 5 o “um A
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The distribution of atherosclerofic lesions in.man and
experimental animals is focal.in natﬁre. This focal di§tﬁibution
of the lesions observed during the egfly stages.éf athergsclefosis\
appears to correlété with focal aréas of. the arterial wall exhibiting
increased ééémeability toward plasma c0nstitueﬁts (184 185)
Increased permeability of arterles to plasma albumin and cholesterol
has been observed 1n cholesterol fed rabbits and plgs (186 189).
Although the origin of arterial carnitine is not known, it is posaigle

that part or all of the carnitine accumulating in atherosclerotic.

arteries is derived from the blood due to increased arterial wall

4
<

permeability. It may be worthwhile to determine whether carnitine

accumulates preferentially in areas of lesion development or -

whether it is uniformly distributed throughout the entire

~ . N -~

aorta.-

" The artery is composed of 3 distinct layers (i.e. tunica

e

advent1t1a, tunica media and- tunica 1nt1ma) and Jeveral cell types
(e.g. endothelial cells, smooth muscle cells, and f;broblasts) ,It E:‘=3: o
is not known in this study in which layer (with thg exqpption ofuy.

the fhnica.adventitia thch was removed) of cell- type éafpitine;; -: .

accumulates,. It-is fikel&, however that most of fhé carnitiné’ o

accumulates in smooth muscle cells $1nce this cell type 1s predomlnant

in the arter1a1 tunlca medla as we11 as in atherosclerot;c lesipna.,:,»;-s . .

- + - ot
LI o . » -
. " N f . .y, .

. B ‘ . .

- A Lot e LA , . ‘o

. ot - PSR (TR S . .
. . [ . . .
. . ) s N .. - e . "
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animals receiving the stock diet supplemented with 5% lard. Long-

chain acylcarnitines, not deteeted in aortas of animals fed the

stock .diet, appeared when the diets were. supplemented with 5% lard,

accounting for.up to 56% of the net arterial carnitine.
Study No. 3

Influence of Dietary Cholesterol on Plasma Carnitine Levels

Introduction .

Although carnitine has been found in most tissues, only
r . .
the liver and the testes seem to have the capacity for complete

carnitine biosynthesis (66,68,69,70). These pbsefvations
suggest that most tissues derive their required carnitine from
the bloeod. Coﬁsequently,'altération in the level of circulating

carnitine may influence tissue carnitine concentration. The

o

purpose of this study was to investigate the effect of highwfat
'(HF) and high-fat plus cholesterol. (HFC) supplemented diets on-

. pPlasma carnitine levels.

.,

Methodé

-

.

Diets, treatﬁint of animals, and preparation of blood

i

" samples for carnitine, total chqlestetoi and,tria;ylglycériae

-anélysiéfare described in the 1egénds 6f_Figure§ 6 and 7.
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Reeults ’ '

Figure 6 shows that suppleﬁentation of the stock diet (LF)
with 5% lard (HF) resulted in a significant (P.<0.001) 42% lowering
of plasma carﬁitine levels within 1 week. SimiLar reductions in
plasma carnitine levels were observed in low-fat (LF) stock diet fed \:3
animals with fasting. Non-fasted values of 3.3 % 0.3 decreased 42%.
to 1.9 0.2 umoles/100 ml of plasma after food deprevation for
18 hours (P <0.01, peired t test, n=9). In contrast‘to the effect
of 5% lard alone, supplementation of the LF-stock diet with 5% lard\v
plus 1% cholesterol significantly (P<0.,001) elevated plasma carnitine '
1erels 59% within 1 week. This represented a 4-fold differeﬂEeain
plasma carnitine coneentration (1.1 53'4.6 pmeles of carﬂitine/lOQ ml-

of plasma) when comparing HF-to HFC-fed raebits;‘ ﬁo changes in
plasma camitine levels fere observed‘in rabbits. fed the non-
supplemented stock (LF) diet durihg this 1-week perioé.

" To 1nvest1gate further the effect of diet on plasma carnltine, )
the animals referred to in Flgure 6 were malntalned on. the1r C-
dietary regimes for an additiénai time perlod and then returned to the
stock (LF) diet (Figure 7)2 At regular 1nterva15, plasma carn1t1ne,
.qholesterol, and triacylglycer1des were determxned.‘ Cholesterpl
supplementation.of diet increased plasma carﬁiﬁiﬁeltd a makimum . ,'j\' .

i

level within 1 weéek, after which the level, of plasma carnrtlne

‘rema1ned relatively constant' returnlng the an:mals to the StOck (LB)

ﬂ,.‘ % -t
v

d1et‘ brought about a steady decrease 1n plasma carn:tinetto almOSt

[
Y e -

.

pre- -HFC diet. 1evels.‘ Plasma cholesterol leveIs tende& to parallel
s = R St .r.HiL\ P

.the changes in piasma carnltlne leVels although ﬁhe‘magnitu&efef‘ ﬁA5‘] PEIREY
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. Figure 6 o

The effects of low-fat(LF), and high-fat (HF), a
high-fat plus, cholesterol (HFC) supplemented diets on the level
of plasma carnitine. Age-matchéd male New Zealand rabbits
- . were maintained, -for a period of 1-week, on one of the .following
| diets: (a) low-fat stock diet (pelleted rabbit chow) (LF), :
. (b) stock diet (LF) supplemented with, 5% lard (HF), or (¢}

stock diet (LF) supplemented with 5% lard plus 1% cholesterol P
| . (HFC); food and water were available ad Iibitwh. Blood samples
. - were ‘taken on Days 1 and 8 via cardiac puncture, using’ d

~ heparlnlzed syringes, and plasma carnitine levels were determlned
; Values are ‘thg.mean * SEM of the percent change in plasma L
"+ carnitine on Day 8 vé Day 1. P values, derived from a two-tailed
table of Student's vaiues of t, are based upon a-paired t test;
NS, non.statistically signlflcant The number of animals per .
group is givén by n jin parentheses. ' C

N N ~ P A M . - \ .
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o Figure 7

The effects of changlng high-fat (HF) or high-fat
plus cholesterol (HFC) supplemented diets to a ‘low-fat (LF)
stock diet on plasma carnitine and cholesterol. Age-matched
male New Zealand rabbits were maintained, for a period of
21 ‘days, on one of the following diets: (a) stock diet (LF) -
-supplemented with 5% lard (HF, e——e; n = §) or (b) stock
diet (LF) supplemented with 5% lard plus 1% cholesterol ’
(HFC o——0; 1 = 6); after 21 ddys all rabbits were swﬁ%ched
to a low-fat stock diet (pelleted rabbit chow, LF, +——+-—4+)

. for an additional 21- day period. Food and water were available ¢
ad Libitum, Plasma carnitine and cholesterol were measured .
in blood samples taken vid cardiac puncture using hepar1n1zed
“syringes. Values are the mean * SEM.
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/fzhange exhibited in cholesterol levels was greater. In contrast

to the HFC-diet, the addition of lard to the s#ock diet (HF)

decreased plasma carnitine to a miniﬁum level within 1 week.
Plasma éarnitiﬁe.levelé returned to pre-HF-diet levéls within 1 week
after -changing the animals to the stock (LF) diet. Aside from ;ﬁ
elevation’ih plasma cholesterol from 42 to fS mg% after 1 week on
.the HF-diet, plasma cholesterol~;emained constant over-the entire
experimental period,

Neither HFC- nor HF-diets resulted in ;ny significant changes
in pPasma triacylgylcerides during the course of the study (HFC-

diet range: 185-200 mg%; HF-diet range: 136-157 mg%).

. Although in Figure 7 plgsmé carnitine and cholesterol levels

L

-

appear to drop slightly between 8 and Zi days while still on HFC-
Aiet, determination of plasﬁa-parnitine and cholesterol in rabbits
fed the HFC-diet for 9 weéks (plasma carnitine: 4.0 * 0.3 umoles/
100 ml of plasma, n = 6;'cho%esterolv 2,134 = 397 hg%, & = 6)
indicated that tﬂese parameters remained elevated as lqng as the

dietary regIme was maintained.

Discussion
* This study demonstrates that plasma carnitine levels can-

be mo%?fied by diet and nutritional state. Knowledge of factors that
s > . .

v

increase or decrease plasma carnitine levels may find clinical application

in the treatment of diseasgs involving carnitine q;fiéiency.

. -

The concept that plasma carnitine levels can influence

tissue carnitine levels fimds support in the in vitro studies in
\ I :

- which increased uptake of‘carnitine“by isoldted heart, liver, and-

. . . .
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. ?

. sperm cells occurred with increased concentrations of carnitine in

the suspending medium (79,80,188). Studies No. 2 and No. 3 provide ag
in.vivo example of this concept with the éinding that elevated plasma
carnitine levels associat;q with cholesterol feediné are accompanied
by an accumulatjon of carnitine in the aérta.

Carnitine participates in the regulation of maﬁy metabolic -

processes, such as gluconeogenesis, fatty acid oxidation, ketogenesis

and fatty acid synthesis (189); conceivably, changes ‘in tissue
carnitine levels, secondary to altered plasma éarnitine levels, can
modify intermediary metabélism. ‘In ;his regard, the findings of

the present study may be pertinent to-the interpretation of lipid
metiyolic studies performeé with cultured smoogh muscle cells exposed
to normal and hypercholesterolémic’serum. Furthermore, gince serumx

factors that stimulate smooth muscle cell proliferation are of interest

. to the field of atherosclerosis, it may be noteworthy that carnitine

was first identified as a growth' factor in imsects (20),» promotes

normal growth and development in human infants (43), and increases

H

the mitotic index of cultured bone ceus/ (190).
' ¢ ~

4
Summary

Pfasma carnitine levels observea in iqw~-fat stock-diet fed
« 1 4 ’ : .
rabbits were('decreased by fasting for 18 hours or by addition of ) ' 4

5% lard to the diet; in contrast,-addition of 5% lard plus 1%

cholesterol to the diet increased plasma carnitine levels.

L4 -
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‘of Aorta and Heart Tissue

Study No. 4

Influence -of DiefarzﬁCholesterol on the Acéumulation and Esterification

of Circulating Carnitine by,Aorf% and Heart: In Vivo,

L

. e
Introduction R
[ rd
"

The origin of carnitine that accumulates in atheroscleroti¢
aortas and the'temporal relationship between arterial carnitine
accumulatiog and atherdsclerotic lesion development are unknown. .
Since carnitine biosynthesis is unlikely-iq the hypoxic enviroament
of’the aorta, the artery probably derives garnitine'from the

bloodstream. The purpose of this study was to investigate the'in

vivo uptake and esterification of-circulating carnitine by aortas

of animals maintained on non-atherogenic and atherogenic diets; for
. t . !

, : TR .
comparative purposes a parallel investigation was carried out in
ﬁﬁe heart. ‘

N

Methods

Diets, treatment of animals, and preparation of tissue foy

analysis are described in the footnote of Table VIII,

Regults /

R

Effects of Non-atﬁeggggnic and Atherogenic Diets on the Composition
: . . . /

Aortas from trabbitsféd the non-atherogenic control diet

M ) 13 -- ' .‘ - >
were entirely free of macroscopically- visible atherosclerotic lesions

-

.

o
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and had a total cholesterol "content (cholesterol + esterified
cholesterol) éf 7 + 1 mg/g lipid-free dry weight. Aortas from
rabbits fed the‘atherogenic diet for 7 weeks were essentially )
lesion:free whereas aortas €rom rabbits fed the atherogenic diet
17 Qeeks exhibited Fxtensive atherosclerotic lesion developmenf
that covered most (70-90%) of the arterial luminal surface. Feeding:
the atherogenic diet re;ultea‘inAa 5-fold Encrease (P <0.001) in'
arterial total cholesterol (36 + 7 mg/g lipid-free dry weight) by ‘_9
7 weeks and a 20-fold i%grease (P <0.001) in afterial total . -
cholesterol'ﬁ137 5 13.mg/§ lipid-free dry weié%f) by 17 weeks
(Table VIII). In addition, arteri;1 lipid-free dry &eight‘aqd DNA
were increased approx1mate1y 2- fold (P £0.001) above q‘p{gol values

after 17 weeks on the atherogenlc diet but were 51m11ar to control

values in, animals fed the atherogenlc diet for only 7 weeks (Table

-

)

VIiI). Hereafter, aortas from animals fed the non—atherogeﬁic
control diet and atherogenlc diet for 7 or 17 weeks will be

operatlonally defines as normal, pre -artherosclerotig and athero-

L

sclerotic, respectively.

’
.~

. Heart tissue frpm animals fea the atherogenic diet 7 or 17
weeks exhibited a.2-fold inerea;é (p ?0.001) in toygl cholesterol
(29 * 2 and 23 t 2 mg/g lipid-free dry weight). NQ significant
differences were detected in lipid-freé dry weight or DNA content

of hearts from ahimals fed the control vs atherogenic diet (Table

'
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Clearance of !“C-Carnitine from the Blood and its Accumulation by Aorta

with rabblts fed the~n0n'atherogen1c control diet (T!5 = 9,5 mlnutes).

-

and Heart, In Vivo: Effects of Control and Atherogenic Diets

Intravenously injected DL-[methyi~1“C] carnitine rapidly
disappeared from_the bloodstream in animals fed either cemtrol or

atherogenic diets (Figure 8), however, the clearance rate of '‘cC-

.carnitine, calculated from a semi-logarithm plot (Figure 8, insert)

of '“C-carnitine bldod-die- away curves, in rabblxs fed the atherogenfc

dlet (T% = 29 m1nutes) was 1ncreased approxlmately 3-fold compared

In general, the accumuiation of '*C-carnitine derived from the
bloodstream by aortas in each of the three dletary groups was rapid, i.e.

detectable w1th1n 3 minutes post label injection, with peak ll'C

" carnitine tissue act1v1ty (dpm/aorta) coinciding with peak plasma

activity. In normal aortas, the "accumulation of *“C- carn1t1ne

activity decreased as the level of ‘blood 1"C carnltlne dgillned

(Figures 8 and 9). In contrast, '“C-carnitine activity in pre-
gures In contrast, y in p

atherosclerotic 'and atherosclerotic aortas remained elevated despite

the decline in blood !“C-carnitine; pre-atherosclerotic and
atherosclerotic aortas haq accumulated 4- and 8-fold as much 1abe11fd

carnitine as normal aortas (210 * 36 vs 788 249 and 1,695 dph/éorta)

.(Figure 9) 60 minutes post-label injection. The accumulation of

1m-carnitine from tbé blood by aortas of animals fed atherogenic
dég;s was appargnf as early as 3-minutes-post—1abel injettion

and increased with the deéree of atherosclerosis as assessed by
changés in arterial totalrchAIesterol, 1@pi¢-free\éry weight, and

Bﬁk (Table VIII and Figure 9). Comparison of normal and -

RS
v
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 a period of 7 wedks (—O—8—; n = 8) or 17
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2

& Figure 8

Clearance of intravenously injected DL-[methyl-}*C]
carnitine from the bloodstream of rabbits fed non-atherogenic
or atherogenic diets. Twenty age-matched rabbits were.fed
a-non-atherogenic diet (LF) of pelleted rabbit choy (—e—8—;

= 8) or'an atherogenic diet (HFC) consisting of“the LF-
control diet supplemented with 5% lard plus 1% cholesterol for

n =.4); food and water were available ad IibZitwn. Upon
completion of the diets each animal received vza the marginal
ear vein an injection of 5 uCi of DL- [methyl-!"C] carnitine
hydrochloride. One _or two animals were bled and sacrificed at

- each time interval and the blood analyzed for “c- carnitine as,

described under Preparation and Analysis of Tissue and Blood
Samples in Study 4. Points representing the mean of 2 animals

-are shown with their range; other points represent values from

individual ‘animals. The insernt is a semilog plot of Figure 8;

,data from animals-fed the atherogenic diet for 7 or 17 weeks
.are combined.

. -
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Figure 9

1 3

Time course of total '“C-¢arnitine (carnitine +
acylcarnitine) accumulation in aortas dfter the intravenous
injection of labelled carnitine into rabbits maintained on a
non-atherogenic control diet (—e—e—; n = 8) or atherogenic
diet for 7 (—0O—0-—; n = 8) or 17 (—b—A—; n = 4) weeks.
Experimental conditions are described in Figure 8. Animals
were sacrificed by exsanguination, under light sodium pento-

_barbital .anesthesia, by cutting the neck vessels; aortas were

rapidly excised, washed immediately in ice-cold saline, and

then washed in a solution of 1% carnitine in distilled water.
Aortas were stripped free of adventitial tissue then\homogen1zed
in ice-cold chloroform:methanol (1:1); carnitine and %cyl-
carnitines were ‘extracted from the homogenate as describéd in
~detail under Preparation and Analysis of Tissue and Blood
-Samples in Study 4. Points representing the mean of 2 animals
are shown with thelr-range,lother poings represent Values from

{individual animals.
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atherosclerotic tissue on an absolute-basis (dpm/aorta) is preferable’

-~

to comparisom on a relative basis (see page 71 for explanatibn).

Comparison on an absolute basis requires-the‘uée of defined arterial

segments; the observation that the luminal surface areas of the

N - R Jhn S .
‘ . .aortas used in this study were essentially the same (Table VIIT) ///’//ﬂ“\ - )

indicates that this requirement was fulfilled. /

7

AccumuFhtion of *C-carnitine from the blood by the heart b }

was rapid, reaching a maximal .level within 3 minutes post-label

“injection. The activity of !*C-carnitine in heart tissue remained Sy

. - . K
4 >

« ] .
elevated despite the decline in blood '¥C-carnitine (Figures 8 and

’

9). Heart tissue accumulated 6- fold more labelled carnitine than §

’

normal aortic tissue (14.3 2.5vs 2.5 ¢% 0.5 dpm/mg lipid-ffee

dry weight) .60 minutes pdst-label injection. In qoptraSt.té the

ot Tl A

»

, aorta, accumulation of labellgd‘cgrni;ine.from the bloodstream by R é
the heart was ngt affected by the'anima1'§ dietary regime; thellu ﬁ
g accumulation &f 1"C-carni.'cine was similar ?hethér animals were ’ .« J
.-Fed contrpl o%‘atherogenic diets (Figure 10): : . e ‘ K . °'1
The |efficiency of éxtraction’of rh&ioactiyity from:heart,
pblood% and aorta was 96, 95, and 85%, réspeétively.
, : i - %3 \
. Identification of Labelled Carnitine éompoun&s in Bldadi Aorta and . i
- o N o~ . -
14C-carnitine was essentially the only labelléd carnltlne:
compound®detected 1n the blosd Nelther palmitoyl- nor butyryl-l“C- ¢ L L 4
x . " carnitine were dgtected in blood, poweyer, a small gmount of .

P
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. Figure 10 : 451
Time course of !“C-carnitine and acyl-'“C-carnitine
accumulation hearts after the injection of labelled

¢arnitine into rabbits maintained on a non-atherogenic control
diet (—e—e—; n = 8) or\atherogenlc diet for 7 (—0O-—0O—;

n = 8) or 17 C——A-——A-——; n\r 4) weeks. Experimental conditions
are described in Figure 8. Anlmals were sacrificed by exsanguina-
tion, under .light sodium pentobarbital anesthesia, by cutting

the neck vessels; hearts were rapidly excised, washed 1mmed1ate1y

.in ice-cold saline, and then in a solution of 1% carnitine in dis-

tilled water. Hé€art tissue was homogenized in ice-cold chloroform:
methanol (1:1); carnitine and acylcarnitines were extracted from
the homogenate as described in detzil under Preparation jand
Analysis of Tissue and Blood Samples in Study 4. Points’
representing the mean of 2 animals are shown with their range;

_ other p01nts represent values from individual animals,

I
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acetyl-l“c-carnitine {less than 1% of the total blood !“C-carnitine

activity) was detected. There was no evidence for the esterification

of !“C-carnitine in the blood.

Labelled carnitine taken up by aortas of animals in each

of the three dietary groups was recovered as 1%C-carnitine and as acyl-1*C-

carnitine compounds. One hour post-label injection, pre-athero-
sclerotic aortas contained almost five times as much labelled
carnitine as normal aortas (141 % 36 vs 653 * 326 dpm/aorta,
calculated from Figures 9 and 11) and nearly four times as much
acetyl-I“C-carnitine { 34 * 3@ ve 135 £ 13 dpm/aorta) (Fggﬁ;e 11).
The accumulation of acety1-1“C—carnitine in normal aortas reached
a maximum level by 15 dinutes post-label injqétion; in contrast,

N
acetyl-}"C-carnitine in prg:atherosclerotic aérfas continued to
accumulate for at least 60 minutes post-label injection (Figure 11).

Atherosclerotic aortas accumulated '“C-carnitine and acetyl-1"c-

carnitine in even greater amounts than pre-atherosclerotic aortas

5 3

(Figures 9 and 11) and, in addition, contained butyrfl-l“C—carnitine

an acyl-!"C-carnitine'not detected in either normal or pre-athero-

, 4
sclerotic arteries (Figure 11).

Labeiled carnitine taken up by the heart was recovered as !“C-

carnitine and as acyl—l“C—carnitines such as ‘acetyl-?"C-carnitine

butyryl-!*C-carnitine, and palmitoyl-!*C-carnitine; these acyl-l“C- °
carnitines represented approximately 23% of the total '“C-carnitine

activity of the tissue. One hour post-label injection’, the heart

had accumulated 6- and 12-fold more '*C-carnitine and acetyl-l'“C-

carnitine, respectively, than the normal aorta (}“C-carnitine:

’, .

b et Kishe e T A et A At & et ar o ma e

Aveta? $ 3RdcFheh —a
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‘Figure 11

Time course of acetyl- '*C-carnitine accumulation
in aortas after the intravenous injection of labelled carnitine
into rabbits maintained on a non-atherogenic control diet
(—e—e—; n = 8) or atherogenic diet for 7 (—Q—0Q—; n = 8)
or 17 (—A— A—; n = 4) weeks. Butyryl- !“C-carnitine
(— 4.— A.—; n = 4) was detected only in the aortas of rabbits
fed the atherogenic diet for 17 weeks. Experimental conditions
and tissue analysis are described in Figure 9.
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9.95 + 1,58 vg 1.70 & 0.05; acetyl-l%C-carnitine: 4.07 & 0.87 vs

0.34 + 0,34 dpm/mg lipid-free dry weight; heart vs aorta, respectively).

In contrast to the normal aorta, acetyl- and butyryi-l“c-carnitine

accumulated in the heart for at least one hour post-label injection;

the accumulation of acyl-!“C-carnitines in the heart was similar

whether animals were fed control or atherogenic diets (Figure 10).
Acetyl- and butyryl-'*C-carnitine were detected in'all hearts studied;

palmitoyl-!*C-carnitine was detected in only 3 of 12 animals.

Discussion
[ 3

Uptake and esterification of circulating carnitine by aorta
and heért w;s stu&ied, in vivo, in rabbits feé non—athprogeﬂic or
atherogenic diet§.

Since DL-[methyl-'*C] carnitine was used in the study, there
is the. possibility -that some .of ¢Yne radioactivity taken up by £ﬁe
aorta was contributed by labellefi D-carnitine. ;;wever, it is
unlikely that D-carnitine enteri 'the aortg would influence the
oﬁtqome of the experiments or alter the interpretation of the data
for the following reasons: (a) only‘the naturally occurring
L-enantiomer could-have been converted to the observed labelled
acylcérniténe compounds, and (b) D-carnitine would have been
diluted to!a level of less‘fhan 1% éf the totgl blood carﬁitine
pool size at zero fimé. ‘TransmethylatioL of labellea methyl‘group;
f;om carnitine to other compounds would not have been akprobleﬁ

in this study since carnitine does not participate in transmethylation

reactions (20).°
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" carnitine specific activity than animals fed the co?trof diet ‘duc

=, . . ' . f .
. “«* . . 4 .
'

. ' . 93. -

k

Effects of Non-atherogenic And Atherogenic Diets on'the Accumuiation of

Blood *“C-Carnitine by Aorta and Heart In Vivo :'\y*y"

.

- Labelled cainitine'hés taken up from the Sloédstream by both

the aorta and heart; intracellular uptaké and not merely adsorption

-

L . R, .
was indicated by the conversion of !“C-carnitine to acyl-'“C-carnitine .

compounds (Figdres 10 and 11). Accumulation of labelled carnitine -

~
in aortas of animals fed atherogenie diets increased with the
. _ - AN
6 - . ’
severity of atheroseclerotic lesion development (Figure 9); this

increase was not dependent upon gross lesion development since the

accumulation of lgbelled carnitine in aortas of animals fed the

. atherogenic diet wis 4-fold greater than in aortas of animals fed
i PR M 4

the non-atherogeni¢ conﬁ;ql diet even before extensive lesion’
N R o L~

development occurred KFiguré 9). .

The differences in carnitine accumulat%pn between normal and

“

- -atherosclerotic arteries were probably underestimated in this study. LT

If the specific activity of blood carnitine had been calculatéh,

animals on the atherogenic diet would probably have had a lower blood

to an increase in plasma carnitine concentration (Study No. 3;

Figure 7), yet the accumulation-of radiocactive carnitine in aortas

of rabbits fed.the atherogenic~dief was greater than'that 6bse;ved
in aortas of rabbits fed the control diet.

A decrease in‘thg'clearance rate of bldod carnitine (Figure 8)

» . - ‘
and the accumulation of labelled carnitine in atherosclerotic

aortas (Figure 9) are consistent with the data from Studies No. 2 and No.3

.’
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in which an.élevaﬂion of thgilevel_of plasma and arterial
carnitine‘was dgtected by direct chemical éuantitation in rabbits fed
the HFC-diet (Figure 7, Table VII). It is likely, therefbre,'tﬁat'
most of the carnitine accumulating in atherosclerotic rqbbié aortas
is derived from the bloodstream.

The observation that the accumulation of circulating '“C-

\\\\ggrnitine in ‘the heart was similar in animals fed control or athero-

g;;;EWY

atherosclerotic aortas is a tissue response characteristic of the

ets indicates that the accumulation of %“C—carnixiﬁé\in the

aorta and not just a gemeral response of tissues to hyperchol-

esterolemia.

¢

The observation that the heart,accumulated,G-fpld more

'%C-carnitine from thé bloodstrdam than the aorta is consistent

1

with a greater metabolic demand for carnitine by the heart to

accommodate the oxidation of fatty acids which represent the major

metabolic fuel of the heart.

!

\

e T

Effects of Non-atherogenic and Atherogenic Diets on Acyl-{igécarnitine -

Accumulation by the Aorta and Heart In Vivo '.‘ . -

¥

_ Pre-atherosclerotic.and atherosclerotic aortas accumulated

?

more acetyl-l“C~carnit{ne than normal aortas (Figure 11), Since

y

the ratio of short-

hainacylcarnitine rtotal acid-soluble carnitine

was not significantl feased in atherosclerotic arteries (Study

No. 2, Table VII) the activity of carnitine acetyltransferase
. L - .

[*
appear to increase in atherosclervsis, therefore, the -

\

does not

) accﬁmglatiéﬁ\of ace&zifi“c-carnitine probabln»gfpresents an increase .

\ N 2 —
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"level of shbrt-chain acylcarnitine compounds obseryed in thé aorta !

'accumu;ation of labelled acetylcarnitine in the aorta and heart was

. far greater than could be accounted for on the basis of blood

control or atherogenic diet, Butyryl-'“C-carnitine, which was

<

(\/ ’ 95 e
in the availability of '*C-carnitine to carnitine acetyltransferase
rather than an increase ‘in the activity of this enzyme, per se.

The accumulation of ?“C—ca@nitiné derived from the bloodstream and

conversion to acetyl-l“C-cainitine may account for the increased,

of rabbitg fed the HPC-diet (Study No. 2, Table VII). o

Whether or not acetylcarnitine is present in the blood is
controversial. Reported:valueé for circulating acet;lcarnitine range
from zero (191) to 30% of the total blood carnitine cpncentration ‘ v '
~

(79). 1In this study, acetyl-‘“C-ca;nitine was detectable in the

bldod byt represented less than 1% of the total blood ‘*C-carnitine

‘activity. The trace presence of acetyl-1*C-carnitine in the blood

@

is unlikely to iniroduce a problem in tissue analysis since the

- - . i l\ ’ » * ’ ‘
contamination in tWe microcirculation of these tissues. ’

.

Acyl-'*C-carnitine accumulation in the heart differed from -

the aorta in that acetyl->*C-carnitine accumulation in the heart

. 7

4 B . %
was essentially the same whether the animals had been fed the . -

detected” only in atherosclerotic aortas, was commonly detected

- r

in the Weart (Figure,ll).' These observations lend further support
to the proposition that a greater accumulation and’utilization .

of circulating carnitine by atherosclerotic arteries is a tissue- o - ’
= .

specific response to hypercholesterolemia.-’ o ' P
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Summary . ' c—

-

LY
The tlearancg rate of '“C-carnitine from the bloodstream
. . ~ -

was greater in animals fed the non-athg}dgeﬁic diet than.the

atherogenic diet. No evidence was, found for carnitine esterification
in the blood. !“C-carpitine was taken up and esterified in both
the heart and dorta of all animals regardless of diet, however,

. . ~
accumulation of !“C-carnitine from the blood was greater in the

heart than in the aorta. Aortas i; animals’fed the atherogenic die£
exhibited an increaSed:accumulaéaon of’l“C:c;rnitine and acetyl«l“
carnitine compared td aortas in.animals fed the control diet. Up%g
and utilization of EirculLtingeI“C-carnitine by heart was not -
affected by the atherogenic diet.“Butyryl—I"C~carnitine, althdugh
nof detected in aortas from animals fed thé/ﬁon-atherogqnic dié£
or atherogenic diet for only 7 wéeks,.das detected in aor{agﬁ?iom
animals fed the atherogénic diet for 17 weeks. Butyryl-'"C-

carnitine was detected in heart tissue regardless of the animal's

dietary regime. The increased accumulation and utilization of

" circulating !“C-carnitine by the atherosclerotic aortas occurred

before. the ‘development of extensive lesions; this response of the

aorta, but not the heart, to atherogenic stimuli indicates that .
L 3

the response of the artery was not a’general response to hyper-

cholesteralemia.

»
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Study No. 5

~

-

CPT Activity in Subcellular Fractions Isolated from Normal Rabbit -

Aortas

Introduction

Carnitine palmitoyltransferase (CPT) activity can be assayed

by measuring the formation of palmitoyl-'“C-carnitine according to

r
-

the reaction:

i CPT
Palmitoyl-CoA + !“C-carnitine ———> palmitoyl-1*C-carnitine + CoA

©

The characteristics of this reaction in the artery wall have nog

b . .
been inve§$igated. Thexpurpose of this study was to investigate

CPT activity in subcellular fractions isolated from normal-rabbit

aortas.

“~*-Methods
. o

Animals were fed the low-fat stock diet of pelleted rabbit

chow. The isolation of subcellular ‘fractions. and enzyme assays
., {
are described in.the footnotes of Tables and legends of Figures.

Results

. \ .
Isolation of Arterial Subcellular Fractions

Mitochondrial, microsomal and cytosol fractions were . o

isolated by differential centrifugation from homogenates~of defined

o

arterial segments, - The protein yields'(mg) of theée‘fractidns .

wheq’breﬁared by the standardized pgocedure outlined under METHODS were

m .
 (a) mitoqhondria - 4.7 £ 0.2, (b) microsomes - 4.7 £ 0.2, and

Al

[ '
L




] ' ¥ 98
“ (c) cftosol - 8,1 £ 0.3 (values are'the mean * SEM of 6 aortas
prepared individually).

In this study, the expression of mitothondrial and microsomal

CPT activity on a relative activity basis (dpm/mg brbtein/min) or

L)

total activity basis (dpm/aorta/min) provﬁded qualitatively similar.
information as the récovery'bf subéellular protein in mitochondrial
and microsomal fractions was the same. Since protein sedimented

at 40:000 X g during the preparation of mic?osoqgs was discarded,
total CPT activity in the microsomal fraction would be underestimated;
therefore, expression of CPT activity is restricted to relative

CPT activity. . | ’

i

"

~

"CPT Acg;vity in Arterial Subcellular'Fractioné

CPT activity was a;sociated with ‘particulate fractiuns
isolated from arterial cells; the relative CPT activity was similar,
in ‘mitochondrial and microsom;I fractipnsv(mitochondria:-‘443 t 15
dpm/mg protein/min; mic?osome§:417 t 37 qpm/mg protein/min, mean #
SEM, n = 6i:(Tab1e Ixj a;d remained associated with these particulate
fractions "even after repeating washing~hpd réégspensibn (Table X).
Some CPT égtivity was detected in the 110,000 X g supernatant fluid
(désignatga cytosol* in Table fX), this CPT activity was 4-fold
less than that detected in either mitochondrial or microsomal
. fractions. | |

Effect of Palmitoyl~CoA Concentration on CPT Activity

_The effect of pafmitoyl-CoA concéntrgt'zn on CPT activity

A

PR PP,




Table IX

\

) ' . .o
Palmitoyl-}“C—Carnitine Formation by Sabceliy)ar Fractions

Isolated from Normal Rabbit Aortas® e

L]

Subcellular fraction Palmitoyl-!*C-cdrnitine formatior'lb

(dpm/mg protein/min)

Mitochondria o 443 *.15
Microsome . 417 + 37 7
+ 7 '

Cytosol 114

Mitochondrial, microsomal and-cytosol fractions were isolated
by differential centrifugation from aortas of age-matched male
rabbits that had been maintained on a stock diet (LF) of pelleted
Tabbit chow; food and water were available ad.libitwm, Palmitoyl-
'C-carnitine’ formation was assayed in sample tubes containing
0.11 mmoles of phosphate buffer at pH 7.35, 0.55 umoles of EDTA,
2.2 umoles of GSH, 1.1 umoles of KCN, 2 X 10° dpm '*C-carnitine,
11 pymoles of paimitoyl-CoA, 0.3 mg of heat-inactivated 110,000.X g
supernatant protein, and either 0.2 mg of mitochondrial, microsomal
or cytosol protein, in a final reaction volume of 1.1 ml.

. Incubations were for 6 minutes at 37.5°C. Palmitoyl-'*C:carnitine
extracted into n-butanol, identified by TLC, and radioactivity in
palmitoyl-*C-carnitine determined as deseribed in detail under
Determination of Carnitine Palmitoyltransferase Activity in
‘Mitochondrial and Microsomal Fractions (see text).

Values represent the mean * SEM of 6‘animals; aortas were
_prepared individually. All assays were'performed in duplicate.

- Q
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Table X

’ W .
Effect of Repeated“Washing and Resuspension of Mitochondrial and

. . X ‘o . a
Microsomal Fractiops on Palmitoyl-}*C-Carnitine Formatiom

.

A\

+

Number of washes Palmitoyl-'*C-carnitine formatg b ’
and (dpm/@g protein/min) {Sizit\\
resuspensions Mitochondria , Microsomes \
. v ] g
First wash and \y
resuspension
Control © T 750 29 664t 2
Experimental 770 £ 41 a J17 £ S
Control ____ 0.99 0.93 Lo
Experimental n '
Second wash and . ‘ ' ‘ ' -
resuspension N
_Control . ' 715 % 24 - 618 + 24
¥
Experimental " 604t 39 : 515+ 4
Expertmental LT 10
; h /\ —

Preparation of arterial subcellular fractions and assdy for
palmitoyl-'*C-carnitine formation are described in Table IX.

»

Values are the mean.t §§M of three determinations of mito-
chgndrial and microsqmal fraqtions,derived-from three pooled - \
aortas. All assays wére performed in duplicate. ° . )

t
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.
in‘mitochondrial and microsomal fractions is shown in Figures 12
and 13. CPT gcfiﬁity was detected at palmitoyl-CoA concentrétiqn§
és.low as 0.1 UM in both mitochondrial and microsom&® fractions
(153 = 78 and®67 t 9 dpm/mg protein/min;, mean % SEM; n = 3,
mitochondria and microsomes, respectively). Maximal CPT activity
in- mitochondrial §1,092(; 58 dpm/mg p;otein/min; mean £ SEM, n = 5)
and microsomal (1,116 £ 119 dpm/mg protein/min; mean‘t SEM, n = S)'
g@actioné occurred between S - 25 uM palmitoyl-CoA; at higher -

'S

Eoncentrations of palmitoyl-CoA, e.g. 50 or 100 uM, CPT activity

2

. was reduéed 50 and 81%, respectively, in both s&bcellular’fractions

(Figufes‘lz and 13). In the absence of. exogenous palmitoyl-CoA,

CPT activity represented 2.5% of the max[; ctivity detected in

. e

mitochondrial or mitrosemal fractions.

~ o

Effectstof Subcellular Protein and Time on CPT-Assays

CPT act1v1ty was linear wlth respect to mitochondrial and
microsomal prote1n bet*een 0.03 - 0.3 mg (F1gures ‘14 and 15) and
assay time between 3 - 12 minufes (Flgures‘16 and 17); no attempt

wa$ made to determine the limits of linearity.

-~

Effects of KCN, Sonication, and Stoggge of CPT Activity -

S

" KCN in the incubation medium of CPT assays decreased CPT

,-activity slightly (7%) -in both m1tochondr1a1 (476 * 23 vg 443 15

' dpm/mg protein/min, mean * SEM, n = '6) ‘and mlcrosomal‘(417 37 ve

443 % 33 dpm/mg protern/mln, mean * SEM, n = 6) fractions; this

decrcase was szgn1f1cant (P<0.01) only in the m1crosoma1 fTact1on

o

(Table Xi}).

L] e
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Figure 12

Effect of palmitoyl-CoA concentration on mitochondrial
palmitoyl- “C-carnitine formation. Mitochondria were isolated
by differential centrifugation from aortas of age-matched male
rabbits fed a stock diet (LF) of pelleted rabbit chow.
Pa1m1t0y1~l C-carnitine formation was assayed in sample tubes o
containing 0.11 mmoles of phosphate buffer at pH 7. 355 0.55 pmoles
of EDTA, 2.2 umoles of GSH, 1.1 umolés of KCN, 2 X 10° dpm of
Y%C-carnitine, 0.3 mg of heat indctivated 110,000 X g supernatant
protein, 0.2 mg of mitochondrial protein, and between 0 - 100 uM
?almltoyl -CoA. Incubations were 6 minutes at 37.5°C. Palmitoyl-
“C-carnitinc was extracted i o n-butanol, identified by TLC,
and radioactivity,hin palmitoyl- '%Cc_carnitine determined as
described in.detail under Determination of Carnitine Palmitoyl- -
transferase Activity in Mitochondrial and Microsomal Fractions.
Values represent the mean * SEM of 3 - 5 different mitochondrial
preparations; each preparation consisted of mitochondria isolated
from a combined homogenate of three aortas. All assays were
performed ‘in duplicate.
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Figure 13

Effect of palmitoyl-CoA concentratlon on m1crosoma1
pajmitoyl- “C-carnitine formation. Microsomes were isolated
by differential centrifugation from aortas of age-matched
male rabb1ts fed a stock diet (LF) of pelleted rabbit chow.
Palmltoyl- “C-carnitine formation was assayed in sample tubes
containing 0.11 mmoles of phosphate buffer at pH 7.35,

0.55 Umoles of EDTA 2.2 umoles of GSH, 1.1 umoles of KCN,

2 X 10° dpm of !“C-carnitine, 0.3 mg of heat-inactivated
110,000 X g supernatant protein, 0.2 mg of microsomal protein,
and between 0 - 100 uM palmltoyl CoA Incubations were for

6 minutes at 37.5°C. Palmltoyl- “c- carnitine was extracted
into- n- butanol identified by TLC, and rad10act1v1ty in
palmltoyl- “C-carnitine determined as described in detail under
Determination of Carnitine Palmitoyltransferase Activity in
Mitochondrial and Microsomal Fractions.' Values represent the
"mean * SEM of 3 - 5 different microsomal’preparations; each
preparation consisted of microsomes isolated from a combined
homogenate of three aortas. All assays were performed in
duplicate, / ’

!
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A

Figure 14

Effect of mitochondrial proLein on palmitoyl-1*C-carnitine
formation. Isolation of mitochondria and assay of palmitoyl~{“c-a
carnitine formation in mitochondrial fractions are described
in Figure 12 except that palmitoyl-CoA was 25 uM and the amount
of mitochondrial protein ranged from 0 --0.3 mg. Valués represent
the mean % SEM of 5 different mitochondrial preparations. All
assays were performéd in duplicate.

—~ .
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Figure 15

*

Effect of microsomal protein on palmitoyl-'*C-carnitine
formation. Isolation of microsomes and assay of palmitoyl- '“C-
carnitine formation in microsomal fractions are described-
in Figure 13 except that palmitoyl-CoA was 25 uM and the amount

‘of microsomal protein in the assay ranged from 0. - 0.3 mg.

Values represent the mean * SEM of 5 different microsomal
preparations.: All assays were performed in-duplicate.

»
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Figure 16

Effect of assay time on mitochondrial -palmitoyl-'"C-
carnitine formation. Isolation of mitochondria and assdy of
palmitoyl-'“C-carnitine formation are described in- Figure 12
except that palmitoyl-CoA was 25 uM and assay ‘time ranged from
0 - 12 minutes. Valueb represent the mean * SEM.of 5 different
mitochondrial preparations. All assays wire performed in
duplicate. ) . )
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-~ Figure 17

‘ Effect of assay time on microsomal palmitoyl-'“C-
carnitine formation. Isolation of microsomes and assay of
palmitoyl-'“C-carnitine formation are described in Figure 13
except that palmitoyl-GoA was 25 uM and assay time ranged from
0 - 12 minutes. Values represent the mean * SEM of 5 different
microsomal preparations. All assays were performed in

duplicate, .
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, Table XI

Effect of KCN, Sonication and Storage at 5°C, on Palmitoyl—“‘C—Camitine~

A . - . a
Format/ion by Mitochondria and Migrosomes

-

Expprimental\ - ) Palmitoyl—lhc-carnitine formationb
e (dpm/mg pratein/min)

conditions - .

! ' ] Mitochondria Microsomes

Control ~ 443 £15 417 t 37
minus ' KCN 476 * 23 444 + 33%%
sonicated 368 + 32* - 389 % 27
storage - 5 hours 392 £ 11** 4 404 * 24

-17 hours 400 * 16** ~ 384 & 28*

Preparation of arterial subcellular fractions and assay for
palmitoyl-1*C-carnitine formation as described in Table IX.

Values- represent the mean * SEM of 6 animals; aortas were prepared
individually. P values, derived from a two-tailed table of Student's
values for t, indicate the significant différences between groups -
based on a palred t test™ N

* P<0.05, ** P<0.01

i, i e g
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of [1-1%C] paimitéyl-CoA determined in heat inactivated mitochondria

.~ and microsomes was 0.1%/min.

-

i T . 16?
.Sonication significantly (P <0.05) reduced (17%) the CPT
activity in mitochoridrial. fracttons (443 £ 15 ve 368 + 32 dpm/ , ~
mg protein/min, mean * SEM, n = 6) but had no significant effect .
Jon microsomal fractions (Fable XI).

After sggrage of arterial subcellular fractions for

5 hours %t 5°C there was a small (12%) but significant (P < 0.01)
decrease in mitochondrial CPT activity (443 = 15.vs 392 & 11 dpm/

mg protein/min, Qeaﬁ * SEM, n = 6);‘no further decrease occurred -
after Qforage for 17 hours at 5°C. . Microsomaf CPT activity,
although unchgnged after S hoggg at 5°C, was decreased significantly
(8%) (P <0.05) (417 * 37 ve 384 2 28 dpm/mg protein/min, mean * SEM, i
m= 6) after storage -at 5°C for 17 hours (Table XI). . ' ) ‘

v -

Hydrolfsis of Palmitoyl-CeA during CPT Assays.
= : =
e percent hydrolysis of [1-1*C] palmitoyl-CoA during the

CPT assay was 2.0 * 0.2%/min (mean % SEM, n = 6) in both mito-

chondrial and microsomal fractions; non-enzymatic hydrolysis

* Discussion

Préparation of Mitochondrial and Microsomal Fractions

The matrix of cellagen, elastin, and glycosaminoglycans
¥

. in the‘artery wail.makeé‘homogenizatioq-of this tough elastic, . 6

tissue difficult without the introduction of ﬁigh shear forces;

. L4

consequently, isolation of homogenous subcellular fractiops from
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arterial tissue represents a ﬁajor technical problemnin athero-
sclerosis research.

In this study, mitochondrial and microsomal fraction;
were isolated and identified on the basis of sedimentation behaviour
during differential centrifugation; cross-contamination between
mitochondrial and microsomal fractions probably occurred. In an
attempt to reduce microsomal contamination in mitochondrial
~fractions, mitochondria were washed, re-centrifuged, and
re-suspended before use in CPT assays. In an attempt to reduce
mitochondrial contamination in microsomal fractions, éhe sediment
of the 40,000 X g centrifugation step was discarded before ultra-
centrifugation of the extra-mitochondrial supernatant fluid at
110,000 X g; this‘procedure had the drawback of reducing the protein
yield of microsomal fractions. No attempt was made to ascertain
the extent of contamination between mitochoridrial and microsomal
fractions; it is,recognized, however, that the use of marker
enzymes, electron microscopy, or biochemical tests e.g. P:0
determination, would be of value in future experiments.

>

Characteristics of. CPT Activity in Mitochondrial and Microsomal

Fractions
B ==
/

- In this study, palmitpyl-’“crcarni{ine formation has been

considered as a measure of CPT activity; however, palmitoyi-’“C-

%

carnitine formation in the mitochondrial CPT assay actually

:reprcsents the combined activity of CPT-1 and CPT-1I, future

t
studies could be dirécted toward the assay of the -individual CPT

enzymes. . SRR o

i

e Sbieshatl




111

Effects of Protein, Time and Palmitdyl-CoA on CPT Assays

CPT activity in mitochondrial and microsomal fractions
was linear with respecf to subcellular protein (Figures 14 and 15)
and time (Figures 16 and 17); maximal activity was observed between
5 - 25 pM palmitoyl-CoA (Figures 12 an& 13). Inhibition of CﬁT
activity occurred in both mitochondrial and microsomal fractions .
at high concentrations of palmitoyl-CoA e.g. 50 or 100 uM, this may
be due to detergent properties of palmitoyl-CoA or to an increase
in the K for carnitine caused by an increase in the concentration of
palmitoyl-CoA (192,193).

Data regarding palmitoyl-QoA conéentrations in aqueous
media must be interpreted with caution when (i) ;he concentration
of palmitoyl-CoA exceeds its déitical micelle.concentration i.e.
3 - 4 uM (16), (ii) the surface-volume fatio of the assay conditions
exceeds 0.5 cm?/ml (194)2(1.2 em?/ml in this stpdy), or (iii) the
incubation medium contains protein (6.36 mg/ml in this study); |
under these conﬁitions the true substréte concentration of palmitoyl-
CoA may be less than the added concentration of palﬁitoyl—CoA.

Effects of KCN, Sé%ication, and Storage on CPT Activity

1

KCN was added to the incﬁbafion medium of CPT aésays:in an
atfempt to décrease the loss of palmitoylcarnitine to B-oxiéatioﬂ
reactiqps. KCN decreased CPT activity slightly (7%) in mito-
chon@rial and microsomal fractions; this effect was significant

(P <d.01) only in microsomal fractions (Table X}). _Although /

o

T
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. KCN could have been omitted from CPT assays in the present study,
it was included in anticipatiqp of future CPT assays in athero-
sclerotic tissue in which B-oxidation of. fatty acids is increased
many fold (164)j
‘ Thé activity of some carnitine acyltransferase enzfmes
e:g. CAT, can be detected only after sonication of the subcellular
fraction in which it is found; after .sonication of arterial
mitochondria anh microsomes CPT activity was decreased rathér than
increased, 17 and 7%, respect}ﬁely (Table XIS. Inhibition of
CPT after sonication has been reported for mitochondria isolated ~~
from rat liver (106), ’
CPT activity in subcellular fractions was stable in '
0.1 M phosphaté buffer at pH 7.35 containing 0.5 mM EDTA and 2.0 mM
GSH when gtoréd at -5°C; CPT activity decreased less than 10%
(Table kI) after storage for 17 hours,
’ The differential responses of mitochondrial and microsomal
" CPT to KCN, Bonication, and storaée at 5°C support the proposition:
that both mitochondrial and microso%al CPT activity exists in ghe
artery. Tﬁi? observétion contrasts with the.exclusive mitochondrial
~ location of kPT in rat liver (97,98). Future experiments could

be directed toward assaying CPT activity in microsomes fractionated

on a discontinuous Ficoll gradient.

Effects of Agyl-CéA Hydrolase (ACH) on CPT Activity

ACH could interfere with the 'CPT assay if it were to

'significaptly reduce ‘the concentration of palmitoyl-CoA below 5 uM.

L8
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Although ACH could reduge the conc;ntration of palmitoyl-CoA from
10.8 to:b.s‘uM during a six minute CPT assay, this would not affect”
the CPT assay. In gtherosclerotic arteries the activity of ACH

is reduced, theréfore, thg‘assay of CPT gctiyity in atherosclerotic
tissue is even less likely to be affected by AQH (195).

Another enzyme that could interfere with the CPT assay is’/
carnitine éste;.hydrolase. It is unlikely that this enzyme would
affect the CPT assay given %}s high Km (5 mM) for palmitoylcarnitine
(i4). The presence of carnitine ester hydrolase has not been
reported in the artery. . |

‘ - The observation that mitochondrial and mic;osomal EPT
activity was linear with- respect to time and protein (Figures 14,15

16, and 17). argues against either acyl-CoA hydrolase or carnitine .

ester hydrolase interfering with the CPT assay in this study.

Subcellular Locatioh of CPT Activity

CPTlabtivity was associated with mitochondrial and microsomal
fréctions isolated from aortas. Some of the microsomal CPT activity
might be attributable  to ﬁitochondrial cgntamination, however,. it

is unlikely that_this contamination cdu&d aécounf for all of the
microsomgl CPT activity. Although on a relative basis (dpm/mg
p;otein/miéo mitochondrial and microsomal CPT activity vas~simi1ar,

. on a total CPT activity basis (dpm/aoy;a/mini microsomal CPT
activity may actdalfy exeeed mitdchgndrial CPT activity..

Although the physi&logical role of mifochondrial CPT is

well established, little is known about microsomal CPT, the ‘artery

&,
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may be a good tissue in which to investigate the function of this

enzyme. The existence of microsomal CPT activity raises the

possibility of a microsomal CPT-II i.éﬂ'a counterpaft of mito-
‘ :
chondrial CPT-11.

Arterial CPT activity introduces some problems in the

interpretation of metabolic studies using isotopic palmitoyl-CoA

as a substrate. Palmitoylcarnitine and phosphatidyl choline
.co-chrbmatograph in the Skipski TLC system commonly used to
separate different phospholipid classes- (196); similarly:

palmitdbylcarnitine co-chromatographs with the phoégholipid band

in the separation of neutral lipid classes using silica gel G
and Solvent System 3. Obviously, it is essential when using

radioactive palmitoyl-CoA, and perhaps radioactive acetate as well,

Ve

as. a -substrate in lipid metabolic Studies that radioactivity in

palmitoylcarnitine be differentiated from radioactivity in

—

phospholipids in general and phosphatidyl choline in particular.

. This problem has gone unrecognized in lipid. metabolic studies in

!
arterial wall metabolism. . v o

.
Summary

-

CPT activity in arterial subcellular fractions can be

assayed by measuring palmitoyl-'*C-carnitine formation'according
[ *

|

to the reaction:

"Palfritoyl-CoA + *“C-carnitine LPT 4 palnitoyl-"C-carnitine + CoA

Using this assay, CPT adtivity was detected in mitochondrial ‘and

microsomal fractions isolated from the artery. The CPT reaction

N

.8

¥
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" in arterial subcellular fractions was linear with respect to sub-

- cellular protein, incubation time and exhibited maximal activity ||
PR , !

between 5 - 25 uM palmitoyl-CoA. CPT activity in mitochondrial

and microsomal fracgiohs was decreased slightly by the presence

&

of KCN in the incubation medium although not enough to affect” the

——

assay. Sonication decreased mitbchondria} but not microsomal
CPT activity. The subcellular fractions were stable with respect

to their CPT activity for up to 17 hours when stored at 5°C.

Study No. 6

CPT Activity in Mitochondrial and Microsomal Fractions Isolated

’

From Adrtas.of Rabbits Fed Cholesterol-Supplemented Diets

b ’

Introduction

¢,

™ . . R
Ather$sclerotic rabbit aortas, compared to normal rabbit

-

aortas, exhibit ajé—fold increase in oiygen consumption.(143) a
§-fold incregse é; long-chain acyléarnitine compounds (Table VIII),
'énd a 15-fold inérease.in the oxidation of fatty acids tp_COz (164),
Increased B-oxidation of long-chain fatty acids in atherosclerotic |
aortas could be due to increased CPT activity. The purpose of’

this study was to iﬁvéstigété CPT activity in mitochondria and
microsomes isolated from aont;s of anhimals maintainedyon the

non-atherogenic HF-diet and the atherogenic HFC-diets for 3 - 48

.days.
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" of polyunsaturated to saturated fatty acids and is less atherogenic

- . *  Methods . .
Diets, treatment of animdls, preparation of subcellular
fractions and assays are described in the footnotes of Tables

and legends of Figures.

Results’

Efféct of Non-atherogenic HF-Diet and Atherogenic HFC-Diet on Serum

and Arterial Total Cholesterol quéls ' .

In this study; 3% peanut 0il rather than 5% lard was used
in the HF- and HFC-supplemented diets. Pesnut oil has a higher ratio

in combination with 1% cholesterol than 5% lard plus 1%-cholesterol.

3

Serum cholesterol levels of animals fed HFC-diets were Sl

o ]
9. fold (314 * 45 vg 36 * 5 mg%, HFC vs HF; mean * SEM, n = '4) and

27-fold (1,440_i 330'vs 54 + 9 mg%, HEC. vs HF, mean * SEM, n = 4)

_greatér (P<0.001) than‘observed in animals fed the HF-diet for

3 and 48 Qéys, respectively (Figure 18).
Arterial choresterol levels were similar ih animals. f;d'

'e1ther HF- or HFC— dlets‘gggr 9 days anlmals fed the HFC d1et

21 days exhlblted sllghtly hlgher arterlal total cholesterol levels

than animals fed the HF- d1et }1 days (31 2 vs.22._ 1 pug/mg

(p;otelp, HFG vs HF, mean * SEM, n = 4) increasing to a a»fold

difference after 48.days (89 + 20 vs ' 21 & 1 ng/mg ;}rotein, HFC

v8 HF, mean + SEM, n= 4) (Piguré 1?). Consistent with the

changes in arterial total cholesterol, no visible lesions were

k?bséfved-in ‘aortas from animals-fed the HFC-diet 3,9 or él‘days, ; )

- 4
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Figure 18

Ay

Effect of 3% peanut o0il or 3% peanut oil plus 1%
cholesterol supplemented diets on arterial and plasma total '
cholesterol levels after 3 - 48 days on diet. Age-matched
male rabbits were fed either a non-atherogenic control diet
consisting of pelleted rabbit chow supplemented with 3%
peanut oil (HF) (open bars) or an atherogenic diet consisting
of pelleted rabbit chow supplemented with 3% peanut oil plus
1% cholesterol (HFC) (filled bars); food and water were
available -ad Mibitwm, Arterial total cholesterol (cholestérol
plus esterified cholesterol) and plasma total cholesterol were
analyzed by the o-phtﬁaldehydelassax described under
Preparation and Analysis of Tissue and Blood Samples from
Animals in Study 4. Values represent the mean % -SEM of 4
animals; aortas were prepared individually.
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e however, after 48 days.atheromatous lesions covering greater than 60%

-~

of the arterial luminal surface were observed. No lesions were

_observed in arteries from rabbits fed the HF-diet.

) Effect of HF- and HFC-Diets on CPT Activity in Mitochondrial

s

and Microsomal Fractions

Mitochondrii%;fzf:ggaaﬁRﬁgwas similar in aortas of rabbits |
fed HF- or HFC-diets ays (483 % 31 vs 431 * 59 dpm/mg protein/

min, HF vs HFC, mean = SEM,”n = 4), 21 days (304 * 29 vs 344 % 19 dpm/

mg protein/min, HF vs HFC, meanh * SEM, n = 4) and 48 days (358 % 24
| o
ve 453 + 53 dpm/mg protein/min, HF vs HFC, mean * SEM, n = 4) (Figure 19).
After 9 days on diet, however, there was a transient yet significant
(P<0.05) decrease {20%) in CPT activity in‘mitochondria derived.
from animals fed the HFC-,but not HF-diets (548 * 18 vs 434 * 36 dpn/
mgdproxein/min, HF vs HFC, imean * SEM, n = 4); To investigate
whgther or not Fhfs difference was due to some factor(s) in the h?at- .
inactivated 110,000 X g supernatant fluid, heat-inactivated supernatant
fluid waé inferchanged between HF-and HFC groups, tﬁis did not affect
the observed dlfference in CPT act1v1ty (Table XII), Interchanging
heat-inactivated superﬂatant fluid derived from animals fed HF or
HFC—diétsihéd-ﬂsﬁiffept on either mitochondrial or @dicrosomal CPT
activity at any time Bétween 3 and 48 days on diet (data not shown).

Microsomal CPT‘activity was essentially unchanged whether

the animals were fed HF- or HFC-diets 3 days (440 * 19 vs 554 60

dpm/mg protéih/min; HF vs HFC, mean % SEM, = 4) or 48 days

(485 + 41 ve 545 % 78 dpm/mg prqtein/min, HF Vs HFC mean * SEM, n- = 4)

UV

e
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Figure 19

n

Effect of 3% pjanut oil or 3% peanut oil plus 1%
cholesterol supplemented diets on mitochondrial palmitoyl->H-

, carnitine formation. Mitochondrial fractions were isolated

by differential centrifugation from aortas of age-matched male
rabbits fed either a non-atherogenic control diet consisting
of pelleted rabbit chow supplemented with 3% peanut oil (HF)
(open bars) or an atherogenic diet consisting of pelleted
rabbit chow supplemented with 3% peanut oil plus 1% cholesterol
(HFC) (f1lled bars); food and water were available ad libitun.
Palmitoyl-3H-carnitine formation was measured in sample tubes
containing 0.11 mmoles of phosphate buffer at pH 7.35,

0.55 umoles of EDTA, 2.2 umoles of GSH, 1.1 umoles of KCN,

11 nmoles of palmitoyl-CoA, 2 X 10° dpm of ¥H-carnitine, 0.3 mg
of heat-indctivated 110,000 X g supernatant protein, and 0.2 mg
of mitochondrial proteln Incubations were for 6 minutes at
37.5 f Palmitoyl-’H-carnitine was extracted into n -butanol, )
identified by TLC, and rad10act1v1ty in ‘palmitoyl- SH-carnitine
determined as descrlbed in Figure 12. Values represent the
mean * SEM.of 4 animals; aortas were prepared individually.
All assays were performed in duplicate.

~
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Table XII

~

Effect of Autologous, Homologous, and Heterologous Heat-Inactivated
110,000 X g Supernatant Fraction on Palmitoyl-aH-Ca}nitine Formation
by Mitochondria Isolated from Aertas of Rabbits Fed 3% Peanut 0Oil or

3% Peanut 0il .plus 1% Cholesterol Supplemented Diets for Nine Daysa

‘Palmitoyl- H-carnitine formationb
(dpm/mg protein/mim)

Heat Inactivated 110,000 X g
Supernatant Fraction’

Autologous Homologous Heterologous

} J
| {

Mitochondria from rabbits )

fed 3% peanut oil

supplemented diets 548 * 18 554 % 56 - 501 * 37

Mitochondria from rabbits
fed 3% peanut oil plus 1%
cholestérol supplemented .
diets _ 434 + 36 368 + 24 417 £ 44

Mitochondrial fractions were isolated by differential centrifugation-
from aortas of age-matched male rabbits .fed either 3% peanut oil or 3%
peanut oil plus 1% cholesterol supplemented diets for 9 days.
Palmitoyl->H-carnitine formation was measured if sample tubes containing
0.11 mmoles of phosphate buffer at pH 7.35, 0.55 umoles of EDTA,

2.2 umoles of GSH, 1.1 pmoles of KCN, 11 pmoles of palmitoyl-CoA, .
2 X 105 dpm of 3*H-carnitine, 0.2 mg of mitochondrial protein, and either

. 0.3 mg of heat-inactivated 110,000 X g supernatant protein from the aorta

of the same animal (Autolqgous), different animal but from the same

diet (Homologous), or from an animal of the other diet group (Heterologous).

Incubations were.for 6 minutes at 37.5°C. Palmitoyl-’H-carnitine was
extracted into n-butanol, identified by TLC, and radioactivity in -,
palmitoyl-3H-carnitine determined as described in Table IX.

b Values represent the mean + SEM of 4 animals per group, aortas.were
prepared individually. All assays were performed in duplicate.
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Figure 20

, Effect of 3% peanut pil or 3° peanut oil plus 1°
cholesterol supplemented diets on microsomal palhitoyl- 3H-
carnitine formation., Microsomal fractions were isolated by
differential centrifugation from aortas of age-matched male
rabbits fed. either a non-atherogenic control diet consisting
of pelleted rabbit chow supplemented with 3% peanut oil (HF)
(open bars) or an atherogenlc diet consisting of pelleted
rdbbit .chow supplemented with 3% peanut 0il plus 1% cholesterol
(HEC) . (fllled bars): food and water were available ad Iibitwn.
Palmitoyl- SH-carnitine formation was assayed as described
in Figure 19 except that 0.2 mg of microsomal protein rather.
than mitochondrial protein was added to the incubation. Values
represent the mean t SEM of 4 animals; aortas were prepared
individually. AY1 assays were performed in _duplicate.
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(Figure 20). The transient decrease in mitochondrial CPT activity

observed after 9 days on the HFC-diet was not observed in microsomal

Cl}l;/ activity. .
Expression of enzyme activit} on a relative basis (dpm/mg/min)
or total basis (dpm/aorta/min) would have provided qualitatively

similar data since the yield of mitochondrial and microsomal protein

(mg) was Qpproximately the same for both diets after 3 days (HF-diet

mitochondria = 3.24 * 0.09, microsomes = 3.49 * 0.07; HFC-diet:

mitochondria =.3.01 * 0.17, microsomes = 3.58 * 0.15, mean * SEM, ‘
n = 4) or 48 days (HF-diet: mitochondria = 3.85 % 0.17; microsomes =
3.88 £ 0.09; HFC-diet: mitochondria.= 4.47 % 0.38, microsomes =

4.09 £ 0.37, mean * SEM,. n = 4).

Disgussion

In this study, CPT acti;ity was measured in mitochondrial and
microsomal fractions isolated from aortas of rabbits fed HF- or /
HFC-diets féﬁ 3* ~ 48 days. _The a{herogenic HFC-diet, but nét the
control HF-diet, induced biochemical and morphological changes
which are commonly associatea with. the atherogenic ﬁrocess e.g.
increased serum,gnd arterial cholesterol (Figure 18) and'deveiOpment
of atheromatous lesions; desp%te these changeg, mitochondrial "and

microsomal CPT éctivity'was not influenced by the addition of

cholesterol to the animal's diet (Figures 19 and 20). This finding

-is consistent with the previous observation that the ratio of

long-chain acylcarnitine:long-chain acylcarnitine '+ carnitine was

similar in normal and atherosclerotit aértas'(Study No. 2, Table VII).
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The transient but significant (P< 0.05) decrease (20%)
in mitochondrial CPT activity after 9 days on the HFC-diet 1is
similar to the transiént decrease in mitochondrial CPT activity
observed in ischemic heart tissue in the dog (49,114). It may be
that the heart and aorta, both of which'rely on fatty acid oxidation
. for metabolic egérgy, have regulétory mechanisms which maintain

CPT activity at a level that does not limit B-oxidation, regardliess

of the metabolic state of the tissue.

It is noteworthy that after 9 days on the HFC-diet, microsomal -

CPT activity di& not exhibit a similar decrease in activity as did
mitochondfial CPT. fhis diffe;ential'response of mitochondri;l and
microsomal CPT to the cholesterol-supplemented diet supports the
existence of microsomal C?T a;tivify in the artery.

The results of this study.indicate that -increased oxidation

of fatty acids in atherosclerotic tissue cannot be attributed to

an increase in the activity of arterial CPT.

The possibility shguld‘be considered that the results
of this study do not refleet CPT activity in _the int#ct artery.
Changes in CPT activity'may not be dete;table in subcellular
fractions due to loss of cellLlar organ&zation i:e. subcellular
fractionation may préclude the detection of changes in CPT actiyity.
In support of this possibility is thg fipding thaf,chahges in CPT
activity detécted in perfused rat livers in response to glucagon

-

and anti-insulin serum cannot be detected in isolated mitochondria

(123). ) . ' ) '
, -« _ ) -
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Summary
CPT activity in mitochondrial and microsomal fractions was
essentially the same wﬂether the subcellular fractions were isolated
from the aortas of animals maintained on either HF- or HFC-diets
for 3 - 48 days. The results of this study indicate that the
increaselin fatty acid dxidation observed in atherosclerotic tissue

cannot be attributed to an increase in CPT activity. The transient

decrease in mitochondrial but not microsomal CPT activity after

9 days on the HFC-diet adds( further support to the proposition that

in addition to mitochondrial CPT activity in the aorta, there also

v

exists microsomal CPT activity.
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CONCLUDING COMMENTS !

~

3,
3

Arterial and plasma carnitine metabolism was investigated
- t

in normal and atherosclerotic rabbits. Ten major findings emerged
' E
from the inyestigation.

1. Carnitine and short-chain acylcarnitine but not long-chain

acylcarnitine compounds weri found in aortas of rabbits fed
a stock diet of pellete& rabbit chow; long-chain acylcarnitines
appéared when the stock-diet was supplementeﬁ with 5%'15rd.
v : .'
'2. Age-related changes occurred_in the concentration and

-~

distribution of arterial‘carnitine_cémpounds as rabbits .
approached maturity around 24 weeks of age. The concentration

of carnitine ¢ompounds increased several fold during the first

81weeks post partum; during this time the distribution between

+

In contrast, during the next 16 weeks, significant changes
occurred .in the distribution between carnitine and acylcarnitine

compounds but the total concentration of carnitine compounds

increased only slightly. -

1

:\ 3. Carnitine circulatiﬁg in‘thelbloodstreﬁm was taken up by the

' |
heart and aorta and esterified to fatty acids to form acyl-

v

carnitines; the heart took up and esterified more carnitine

from' the bloodstream than the aorta. g

. o125 o , ‘)

carnitine and acylcarnitine compounds remained rélatively constant.
- I3 - .- . .
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Plasma carnitine concentration was influenced by diet. A

high-fat supplemented diet or fasting decreased the concentration

of plasma carnitine, whereas a high-fat plus cholesteérol

"supplemented diet increased the concentration of plasma carnitine.

Carnitine, short-chain acylcarnitine and long-chain acflcarnitine
compounds increased several fold in aottas of rabbits fed an
atherogenic high-fat plus cholesterol supplemented diet; this
increase was. not observed in rabbits fed a non-atherogenic high-

fat supplemented diet. \

The origin of .the carnitine that accumulated in atherosclerotic

aortas was carnitine circulating in the bloodstream.

Acetylcarnitine formation increased in atherosclerotic and

|
‘pre-atherosclerotic aortas compared to normal Rortas. Butyryl-

carnitine formation, not detected in normal or pre-atherosclerotic

aortas, was detected in atherosclerotic aortas. Acetylcarnitine
and butyrylcarnitine formation in the heart was similar in

normal,»pre-aﬂherdsclerotic and atherosclerotic aortas.

Carnitiné and acylcarn1t1ne compouPds started to accumulate

in aortas ‘of rabbits fed atherogenic diets before the development
- -
of gross atheromatous lesions. ™ _ !

Al

Carnitine palmitoyltransferase activity was aésggiated with
. * v . . . \ .
particulate fractions isblated from arterial cells e.g. b \>

mitochondria and microsomes. " The.presence of carnitine

«
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palmitoyltransferase activity in arterial mitochondria and d}
microsomes distinguishes the aorta from heart and liver, in

~ these organs carnitine palmitoyltransferase activity is

located exclusively in mitochondria.

10. Carnitine palmitoyltransferase activity in arterial mitochondrial
and microsomal fractions from rabbit aortas was not influenced

by supplemenfation.of the rabbit's diet with cholesterol.

This new information on arterial carnitine metabolism may be integrated

with existing knowledge and concepts in arterial wall biochemistry

and 'atherosclerosis; although the process of information'integration
involves a certain degree of speculation, this same speculation

provides a basis for future research. .

t e

Atherosclerotic‘drteries exhibit increased fatty acid
_B-oxidation (143)? increased mitochondrial fatty acid elongation (143),

and decreased triacylglyceride synthesis (164). These observations

— .

form the basis of the hypothesis that in atherosclerotic aortas,
acyl-CoA is predominantly esterified to carnitine rather than to

glycerol~3—phospﬁape.- The 3-fold @ncrease in long-chain acyl-

i

Y - . v ) / >o ‘”/ 3 .“ -
carnitine compounds detegted in atherosclerotic rabbit aortas

supports this hypothesis. The increase in long-chain acylcarnitines

-~ . .

~may be'the result of:

A. An inerease in the.availability of acyl-CoA, 'There is no

—

. ' L] L) : { s ) )
quantitative Ififormation in the literature on arterial acyl-CoA

-

concentrations, however, it is reported that the concentration

of CéA is similar in normal and atherosclerotic arteries (149).

TR SR Dh e

L )
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A qualitative increase in aéyl-CoA in atherosclerotic tissue
is, suggested by the observations that: (i) the activity of
acyl-CoA hydrﬁiase.decreases_in atherosclerosis (197), (ii)
the concentfation of fatty acids increase in atherosclerosis
(143,164), and (iii) the ab§olute/concentration of long-chain
acylcarnftines increase in atherosclerotic tissue without a
concomitant increase in’ CPT activity.

An increase in the ratio of carnmitine:glycerol-3-phosphate.

An increase in the ratio of carniti;e:glycerol-S-phosphate is
directly supporfe&.by the observation that carnitine increases

-

3-fold in atherosclerotic aortas and indirectly supported by
. -~

the observations that: ’(i) less than 0.5% of a;terial glucose L
" is converted to glycerol-3-phosphate- (143) and (ii).the activity

of glycerol-3-phosphate dehydrogenase decreases in athero- -

. 0

sclerotic tissue (149).

An increase in the enzyme activity ratio of CPT:GPT. Given

the normal arterial carnitine concentration of approximately

2 ;

,0.085 mM (calculated from Table VI), it is unlikely,thaf the

'km for carnitine (0.25 mM, Table III) would be exceeded even

in atherosclerotic -aortas; consequently,.CPT activity may
increase due to the accunfulation of carnitine and acyl-CoA
in atherosclerotic aortas. Concurrent with, an increase in

-

acylcarnitine fbrmation, would be a decréase in the ac&lation-

of glycerol-3-phosphate due to inhibition of GPT by acyl-CoA:
) =P A 0 .
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The metabolic congequences of an increase iﬁ long-chain
acylcarnitines may be to: (1) direct fatty acids towa}d B-;xidation
reactions;, (2) direct fatty acids away from glycerol-3-phosphate.
acylation reactions, (3) direct fatty acids toward mitochondrial
elongation reactions, and (4) stimulaté acetyl-CoA carboxylase.
Therefof;, the hypothesis tha% in atherosclerotic aortas acyl-CoA
is predominantly esterified to carnitine rather than.to glycerol-3-
phosphate offers an explanation for several biochemical characteristics
of étherosclerotic tissue, including: (i) increased oxygen consﬁmpgion
and increased oxidati;n of fatty acids to CO,, (ii) decreased
triacylglyceride formation, (iii) increased mitochondrial fatty acid
elongation, and (ivj increased de novo fatty acid synthesis. |
An increase in fatty acid oxidation could increase the

amoun't 6% acétyl—CoA entering the triFarBoxylic acid cyFle,'howevér,
since the ac;ivity of many enzymes of the tricarboxylic acid cycle
is decreased in athero;cierosis (149), acetyl-CoA may staft fb
accumuiate. Arter1al CAT may’buffer the increase in acetyl -CoA by
convertlng acetyl-CoA to acetylcarnltlne, thls would account for
thgjincrease in short-chain adylcarnitipe compouqu detected in
atherosclerotic rabﬁit aortgs. 'Acetflcarnitine could represent ai
source of acetate for mitocﬁondifal fatty acid elongation or de novo
cytoplasmié'f;tty acid syhthesis; both of these fatty acid
synqhegizing meéhanisﬁs,gre increééed_in_étheros;lerogis (143).

. Although it is difficult to—ascribg a physiological role
to artefial.microsomal'CbT in the-absencé of aﬁy information.on its

subcellular location or membrane topography, it is tempting to

. ~2

a2
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A
spcculgiékthat CPT in the endoplasmic reticulum may facilitate
. T o
the penetration of acyl-CoA substrates to enzymes buried in this

membrane e.g. stearoyl-CoA desaturate or fatty acyl-CoA:cholesterol

acyltransferase. “
- Future'studies of artcr}al carnitine metabolism could be
direc%ed toward (i) ascertaining the subcellular location of
microsomal CPT activity, (ii) elucidatingsthe mechanisms controlling

the ‘fate of acylcarnitines in the inner mttochomndrial membrane with

respect to B-oxidation and elongation reactions, and (iii) verifying
. Y

the observed changes in arterial carnitine metabolism in athero-

sclerosis in different animals and using different models for

[P

. . . 4
inducing atherosclerosis.
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