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In recent years a. number of investigators have
obtained evidence which supports the hypothesis
that carnitine (y-trimethylammonium B-hydroxy-
butyrate) serves as a carrier of activated fatty
acyl groups across the mitochondrial barrier (1-5).
Because of the impermeability of the mitochondrial
barrier to fatty acyl CoA (1, 6, 7) it was postu-
lated that carnitine esters of fatty acids are the
form in which the activated acyl groups are trans-
ported across the mitochondrial barrier. The for-
mation of the carnitine esters of the activated acyl
group is shown in Equation 1.
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CARNITINE ACYL TRANSFERASE
(CH,)sN+CH,CHCH;COOH + CoASH
.
¢=0
R

Acylcarnitine [1]

In its proposed transport function, carnitine
might participate in the movement of two classes
of fatty acyl CoA derivatives: 1) the movement of
long-chain fatty acyl CoA from the microsomal and
cytoplasmic fractions where they are formed (8)
to the mitochondria where they are oxidized (9)
and 2) the movement of acetyl CoA or acetoacetyl
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CoA from the mitochondria where they are formed
to extramitochondrial sites of long-chain fatty acid
synthesis (10).

It has been previously observed that carnitine
stimulates the production of acetoacetate in rat
liver homogenates (11). The data to be pre-
sented in this communication suggest that in the
ketosis of fasting the stimulatory effect of carni-
tine on acetoacetate production by the liver might
be attributed to two factors both of which are re-
lated to the transport function of carnitine.
These factors are: 1) an increased rate of move-
ment of long-chain fatty acyl groups into the mito-
chondria for oxidative conversion to acetoacetyl
CoA, and 2) an increased rate of transport of
acetoacetyl groups out of the mitochondria as
carnitine derivatives. As a corollary it will be
shown that in liver homogenates from nonfasted
animals, carnitine decreases acetoacetate produc-
tion and stimulates long-chain fatty acid synthesis.

Materials

Pregnant guinea pigs in the third trimester, weighing
600 to 700 g, were used in the experiments on acetoacetate
production. Pregnant animals were used because they
become considerably more ketotic in the fasted state than
nonpregnant fasted guinea pigs. To produce ketosis, the
animals were fasted for 24 hours. Paired control ani-
mals were maintained on a standard diet consisting of 50%
Purina rabbit chow and 50% oats supplemented with
fresh cabbage. In the experiments on long-chain fatty
acid synthesis, male guinea pigs weighing 250 to 300 g
were used. These animals were fed the aforementioned
diet.

The in vitro incubations were carried out with whole
liver homogenates prepared in 6 vol of Krebs-Ringer
phosphate buffer, pH 7.4, or with liver mitochondria pre-
pared by the method of Schneider and Hogeboom (12).

Acetoacetate was determined colorimetrically both in
liver homogenates and serum by the procedure of
Walker (13). Blood acetoacetate in the fasted guinea
pigs ranged from 108 to 14.2 mg per 100 ml, whereas
the levels in the fed group were from 2.0 to 3.6 mg per
100 ml. There ‘were six animals in each group. Net
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acetoacetate production was determined by substracting
the acetoacetate present before incubation. The specific
activity of the acetoacetate produced from labeled pre-
cursors was determined by the procedure of Sauer (14).
In this procedure the acetoacetate formed is reacted with
diazotized p-nitroaniline and the radioactivity of the
resultant formazan derivative of acetoacetate measured.
Quantitative recoveries of the C* activity in C3 of aceto-
acetate were obtained with this method. The radioactive
acetoacetic formazan derivative was extracted with ethyl
acetate, washed five times with water, plated on glass
cover slips, and assayed with a Nuclear-Chicago gas flow
counter.

The synthesis of fatty acids was measured by the ex-
tent to which pyruvate-2-C* was incorporated into long-
chain fatty acids by the liver homogenates. At the end
of the incubation period the reaction was stopped by the
addition of 2.5 ml of 10% methanolic KOH and the mix-
ture put into a boiling water bath for 30 minutes. The
mixture was then brought to pH 2 to 3 by the addition
of 125 ml of 4 N HCI, and then extracted four times
for 3 minutes with 5-ml portions of n-pentane. The pooled
pentane extracts were concentrated under a stream of
nitrogen to a final volume of 0.5 ml. Samples of the
pentane extract were counted in 10 ml of a phosphor
solution consisting of toluene containing 2,5-diphenyl-
oxazole (4 g per L) and 1,4-bis-2-(5-phenyloxazolyl)-
benzene (100 mg per L) in a Packard Tri-Carb liquid
scintillation spectrometer. The Cy to Cis fatty acids are
extracted by this procedure (15).

Assay of fatty acid oxidations was carried out as previ-
ously described (16)

Carnitine and acylcarnitine derivatives were separated
by thin layer chromatography. Basic silica gel plates
were prepared according to procedures described by
Skipski, Peterson, and Barclay (17) and developed in
chloroform : methanol : ammonia : water (50:40:4:4).
Standards of carnitine, acetylcarnitine, acetoacetyl CoA,
and acetyl CoA were used. The acylcarnitine derivatives
ran ahead of carnitine, whereas coenzyme A and the co-
enzyme A derivatives remained at the origin. The sepa-
rated bands were visualized by exposure to iodine vapors.

Radioactive acetylcarnitine was isolated from the
aqueous phase of the lipid extracted reaction mixtures.
The aqueous phase was dried under vacuum and taken
up in 0.5 ml absolute ethanol to which 10 mg of acetyl-
carnitine had been added and dissolved. The dissolved
acetylcarnitine was then crystallized by the successive
additions of acetone: diethyl ether (5 ml: 10 ml) accord-
ing to the procedure of Bremer (18). The twice re-
crystallized product was dried, weighed, and shown to be
chromatographically pure by thin layer chromatography.
The melting point (186 to 188°) confirmed the purity of
the product. A 1-mg portion of the acetylcarnitine pre-
cipitate was then assayed for radioactivity.

For quantification of lipid in the liver the homogenates
were extracted by the method of Folch and associates
(19), and triglycerides were determined by the proce-
dure of van Handel and Zilversmit (20).
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Protein content of the homogenate and mitochondria
was measured by the biuret method (21). After com-
pletion of the biuret reaction the solution was filtered
through a layer of Celite in a Buchner type funnel. This
was necessary to remove lipids that produced turbidity of
the solution, especially in the ketotic animals. The re-
sults obtained by this procedure agreed closely with
those obtained by Kjeldahl nitrogen determinations (22).

The short-chain acyl CoA-carnitine acyltransferase was
prepared from beef heart by the procedure of Fritz,
Schultz, and Srere (23). The preparation had a spe-
cific activity of 0.68 umole per mg protein per minute at
30° and pH 74. It exhibited traces of acetyl CoA hy-
drolase activity, but was virtually free of thiolase ac-
tivity. The assay for thiolase activity is shown in Table
V of the results. Thiolase was prepared from pig heart
by the procedure of Stern (24). It had a specific activity
of 1.3 umoles acetoacetyl CoA cleaved per mg protein
per minute at 25° at pH 8.0. The assay was followed
spectrophotometrically as a decrease in the absorption of
acetoacetyl CoA at 305 mu (24). Magnesium ions were
added to enhance the absorption of the enolate ion of
the pB-ketoester (24). L(+)p-hydroxyacyl CoA dehy-
drogenase ! was prepared from beef liver and had a spe-
cific activity of 3.8 umoles per mg protein per minute at
35° at pH 6.5 (25).

Acetoacetylcarnitine was chemically prepared from ace-
toacetylfluoride and carnitine in the presence of an acid
catalyst. Acetoacetylfluoride was prepared by the method
of Olah and Kuhn (26). The reaction mixture contained
30 mmoles acetoacetylfluoride, 5 mmoles carnitine hy-
drochloride, and 0.05 mmole of perchloric acid in 75 ml
of tetrahydrofuran. The reaction proceeded at 25° for 8
hours with stirring. The solvent was removed under
vacuum and the residual thick yellow oil taken up in
methanol. The acylcarnitine was crystallized from
methanol : acetone : diethyl ether (1:5:20) by the pro-
cedure of Bremer (18). The resulting white crystals
were dried and infrared absorption spectroscopy done in
a KBr pellet. The compound showed the presence of an
ester band at 1,720 cm™, a B-ketoester band at 1,735 cm™,
and did not show an absorption band in the 3,600 cm™
region where the alcohol group of carnitine has a charac-
teristic absorption band.

When the acetoacetylcarnitine was run on a thin layer
chromatogram (17), it had an R similar to that of
acetylcarnitine. Hydrolysis of the acylcarnitine in
methanolic KOH resulted in its conversion to acetoace-
tate and carnitine.

Acetyl CoA and acetoacetyl CoA were prepared as
previously described (27). Carnitine, acetylcarnitine, and
y-butyrobetaine (y-trimethylammonium butyrate) ;2 ra-
dioactive pyruvate-2-C* and acetoacetate-3-C*;3 C*-

1Gift of Dr. S. J. Wakil of the Biochemistry De-
partment.

2 California Corporation for Biochemical Research,
Los Angeles, Calif.

3 New England Nuclear Corp., Boston, Mass.
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methyl-labeled carnitine; 4 and neatan (a dispersion of
polyvinylproprionate) 5 were obtained commercially.

Results

The effect of carnitine on acetoacetate produc-
tion. In liver homogenates from fasted guinea
pigs carnitine increased the rate of acetoacetate
production twofold, whereas in homogenates from
control fed animals carnitine resulted in a de-
creased rate of acetoacetate production (Table I).

Table I also shows the decrease in specific ac-
tivity of acetoacetate that resulted from the addi-
tion of carnitine to liver homogenates from both
fasted and fed guinea pigs. The decrease in spe-
cific activity of the fasted preparations is highly
significant (p < 0.01), whereas the decrease in the
fed preparations is of borderline significance (p =
0.05). The decrease in specific activity of aceto-
acetate effected by carnitine in the fasted prepara-
tion suggested that the augmented rate of aceto-
acetate production in the presence of exogenous

4 Tracerlab, Waltham, Mass.
5 E. Merck, Darmstadt, Germany.
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carnitine originated from an endogenous substrate
whose metabolism was influenced by carnitine
rather than from the labeled pyruvate added to the
incubation mixture. Since the oxidation of long-
chain fatty acids has been shown to be accelerated
by carnitine (1, 4, 11), extramitochondrial long-
chain fatty acids could have served as the source
of the additional unlabeled acetoacetate. This pos-
sibility was supported by triglyceride analyses of
the livers. The triglyceride content of the livers
of a group of six fasted guinea pigs ranged from
8.3 to 14.1 mg per g wet weight liver, whereas a
control group of six ranged from 2.3 to 3.8 mg
per g. This is consistent with the established
correlation between ketosis and the quantity of
triglyceride in the liver (28).

In an attempt to ascertain the role of the ex-
tramitochondrial triglyceride in the carnitine ef-
fects of acetoacetate production in the fasted liver
preparation (cf. Table I), mitochondria from
fasted guinea pig livers were used. The use of
twice washed mitochondria in the reaction mixture
served to minimize the extramitochondrial tri-

TABLE I

Effect of carnitine on acetoacetate production®

Acetoacetate
Exp. no. Fasted + Carnitine Difference Fasted + Carnitine Difference
umoles/g protein/30 minutes cpm X108/ umole
1 7.4 16.2 8.8 0.78 0.31 0.47
2 5.3 14.4 9.1 0.81 0.44 0.37
3 8.1 10.3 2.2 0.61 0.51 0.10
4 6.6 17.4 10.8 0.70 0.23 047
5 7.8 18.3 10.5 0.77 0.38 0.39
6 7.4 13.0 5.6 0.68 0.45 0.23
Mean 71 149 7.8 0.73 0.39 0.34
SE 0.4 1.2 1.4 0.03 0.04 0.06
p <0.005 <0.005
Acetoacetate
Exp. no. Fed + Carnitine Difference Fed + Carnitine Difference
umoles/g protein/30 minutes cpm X103/ umole
1 3.8 2.8 1.0 1.67 1.54 - 0.13
2 4.1 2.3 1.8 1.78 1.66 0.12
3 3.3 1.8 1.5 1.59 1.75 0.16
4 4.7 1.3 34 1.83 1.44 0.39
5 3.9 3.6 0.3 1.77 1.53 0.24
6 4.0 3.1 0.9 1.70 1.43 0.27
Mean 3.9 2.5 1.5 1.72 1.56 0.17
- SE 0.2 0.4 0.4 0.04 0.05 0.08
p <0‘01, <0.05

* The reaction mixtures contained 20 pmoles of pyruvate-2-C* (2 X 10¢ cpm) and between 38 and 47 mg of liver
homogenate in 2 ml of calcium-free Krebs-Ringer phosphate buffer, pH 7.4. Five umoles of DL-carnitine was added

where indicated. Final reaction volumes were 2.2 ml.

Incubations were at 37° for 30 minutes.
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TABLE II

Effect of carnitine on mitochondrial acetoacetate production*

Acetoacetate
Exp. no. Control + Carnitine Difference Control + Carnitine Difference
umoles/5 mg protein cpm X103/ umole

1 0.71 1.28 0.57 1.13 0.94 0.19
2 0.55 0.83 0.28 1.08 1.12 —0.04
3 0.31 0.78 0.47 0.96 0.90 0.06
4 0.63 0.98 0.35 0.88 0.98 —0.10

Mean 0.55 0.97 0.42 1.01 0.99 0.03
SE 0.09 0.11 0.07 0.06 0.05 0.06
P <0.005 <0.40 > 0.30

* The reaction mixtures all contained 20 uymoles of pyruvate-2-C* (10% cpm), 5 umoles ATP, 4 mg bovine serum
albumin, 1 pmole sodium succinate, and between 4.5 and 9.7 mg of fasted guinea pig liver mitochondria in 1 ml of calcium-

free Krebs-Ringer phosphate buffer, pH 7.4. Four separate incubations were run.
Final incubation volumes were 1.3 ml.

and with the addition of 5 umoles of DL-carnitine.
15 minutes.

glyceride reservoir of long-chain fatty acids. The
effect of carnitine on the conversion of pyruvate-
2-C' to acetoacetate was assayed in order to evalu-
ate the possible role of carnitine in transporting ac-
tivated acetoacetyl groups, derived from pyruvate-
2-C'*, out of the mitochondria. Table II shows
that carnitine resulted in a stimulation of aceto-
acetate production by the mitochondria but no con-
sistent change in the specific activity of the aceto-
acetate. These data suggested an effect of carni-
tine on the conversion of pyruvate to acetoacetate.
Because it had been suggested that the short-chain
acyl CoA-carnitine acyltransferase might serve
to transport short-chain acyl CoA from intra- to
extramitochondrial sites (2, 5), it was thought
possible that carnitine might play a role in the
transport of activated acetoacetyl groups, formed
from pyruvate in the mitochondria, to extra-
mitochondrial sites of acetoacetate formation.

Some further evidence that demonstrates the
importance of the role of carnitine in acetoacetate
production is given in Table III. y-Butyrobetaine,
a competitive inhibitor of carnitine (29, 30), mark-
edly depressed the production rate of acetoacetate
in the fasted liver homogenate. This depression
of acetoacetate production was reversed by in-
creasing amounts of carnitine.

Detection of acetoacetylcarnitine. In an at-
tempt to ascertain the role of carnitine in aceto-
acetate production the detection of acetoacetylcar-
nitine in the fasted guinea pig liver homogenate
was undertaken.

When methyl-labeled C*-carnitine was used

These incubations were both without
Incubations were at 30° for

in a typical reaction mixture, two radioactive peaks
were found (Figure 1). Peak 1 was identified as
carnitine both by R; on thin layer chromatography
and by enzymatic assay (31). In this thin layer
chromatography system, coenzyme A, acetyl CoA,
and acetoacetyl CoA remained at the origin,
whereas carnitine (peak 1) had an R of about
0.40, and peak 2 had an R; of about 0.60. Peak
2 contained about 10% (1 pmole) of the C¢-
carnitine counts present in the reaction mixture
and had an R similar to that of an acetylcarnitine
standard. Only faint traces of free carnitine were
found by enzymatic assay (maximum of 5% of
peak 2), but after 30 minutes of alkaline hydroly-
sis, high carnitine activity was present. It was
concluded that peak 2 probably consisted of acyl-
carnitines, possibly containing acetoacetylcarnitine.

TABLE III
Effect of v-butyrobetaine on the production
of acetoacetate*
Reaction Acetoacetate
umoles/g
protein/30
minutes

1. Pyruvate 6.4

2. Pyruvate +-carnitine 103 M 17.3

3. Pyruvate+vyBB 10 M 2.2

4. Pyruvate++vyBB 1072 M +-carnitine 107* M 4.8

5. Pyruvate++yBB 102 M +-carnitine 3 X103 M 10.2

6. Pyruvate+yBB 1072 M +carnitine 5 X10-3 M 18.8

* The reaction mixtures contained 20 wmoles of pyruvate-2-C4
(400,000 cpm), 32 mg of fasted liver homogenate in 2 ml of calcium-free
Krebs-Ringer phosphate buffer, pH 7.4, and the indicated amounts of
DL-carnitine and/or y-butyrobetaine (yBB). Incubations were at 37°
for 30 minutes.
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FATTY ACYL CARNITINE THIN LAYER ISOLATION
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TINE. The reaction mixture contained 40 umoles pyruvate, 10 umoles C"-
methyl-labeled carnitine (8 X 10° cpm), and 40 mg of fasted guinea pig liver
homogenate in 2.5 ml of calcium-free Krebs-Ringer phosphate buffer, pH 7.4.
Final reaction volume was 2.8 ml. Incubation was at 37° for 1 hour. The
reaction was terminated with 1 ml of 20% perchloric acid and the resultant
supernatant neutralized with KOH. The supernatant volume was reduced
to 0.5 ml under vacuum, and plated on a basic silica gel H thin layer chro-
matography plate (17). The plate was developed in chloroform : methanol :
ammonia : water (50:40:4:4). Standards of carnitine and acetylcarnitine
were run. The chromatography plate was sprayed with neatan and a
l-cm strip of the plate was divided into 3-mm sections. These sections
were scraped off the plate with a spatula and placed in vials for scintil-

lation counting. The results are shown in this figure.

An attempt was made to detect the presence of
acetoacetylcarnitine in peak 2.

An aqueous extract of peak 2 was reacted
with coenzyme A in the presence of acyl CoA-
carnitine acyltransferase (CAT), and the product
of this reaction reacted with DPNH in the pres-
ence of L.(+4)B-hydroxyacyl CoA dehydrogenase.
These reactions are shown in Equations 2a and
2b.

AcAcCarn + CoA CAT AcAcCoA + Carnitine

—
B-OH ButCoA
AcAcCoA + DPNH + Ht ————
Dehydrogenase
B-OHButCoA + DPN* [2b]

If the original extract of peak 2 contained
acetoacetylcarnitine, then the acyl CoA-carnitine
acyltransferase would have converted it to aceto-
acetyl CoA in the presence of coenzyme A (cf.

[2a]

Equation 2a). We have found that the con-
version of acetoacetyl CoA to acetoacetylcarnitine
takes place at about 20% of the rate at which
acetyl CoA is converted to acetylcarnitine. This
is shown in Table IV. The transferase had mini-
mal thiolase activity (Table V). When the above
assay was carried out using acetoacetyl CoA and
C**-methyl-labeled carnitine, and the products of
the reaction chromatographed as in Figure 1,
the same two radioactive peaks were found as in
Figure 1. Peak 1 was again identified as carni-
tine. Peak 2 had an R, of about 0.60 and was
free of carnitine. On alkaline hydrolysis of peak
2, both free carnitine and acetoacetic acid (Rg
0.75) were found.

The acetoacetyl CoA produced from aceto-
acetylcarnitine was identified by conversion to
L(+)B-hydroxybutyryl CoA by the specific
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L (+)p-hydroxyacyl CoA dehydrogenase (Equa-
tion 2b) (25) in the presence of DPNH. L(+)
B-hydroxyacyl CoA dehydrogenase was only min-
imally contaminated with thiolase activity (Table
V). The over-all reaction sequence (Equations
2a and 2b) is summarized in Table VI. As has
been previously mentioned, coenzyme A and its
derivatives remain at the origin in the thin-layer
chromatographic separation of these compounds
from peak 2. L(+)p-hydroxybutyryl CoA pro-
duction was followed in two ways: 1) decrease
in optical density at 340 mp (Equation 2b) and
2) formation of the hydroxamic acid derivative
of B-hydroxybutyryl CoA. This was done by
the addition of 500 umoles of salt-free hydroxyl-
amine to the reaction shown in Equation 2b. The
reaction was incubated for 30 minutes at 37°,
dried, and extracted with #-butanol. The hy-
droxamic acid derivatives were chromatographed
in two solvent systems (n-butanol: ammonia: wa-
ter) (10:1:9) (32), and methylene chloride:
n-butanol : acetic acid: water (8:2:1.5:3) (33).
The chromatograms were sprayed with FeCls,
and the violet colored spots of the hydroxamates
of B-hydroxybutyric and acetic acids were visual-
ized. B-hydroxybutyrylhydroxamic and acetylhy-
droxamic acids were run as standards.

The DPNH oxidation corresponded to the
formation of 0.26 umole of acetoacetylcarnitine,
which represented 4.3% of the total C'*-carnitine

TABLE IV

Acetyl CoA and acetoacetyl CoA as substrates for
Acyl CoA-carnitine acyltransferase*

umoles sulfhydryl group
produced/5 minutes

Substrate
Concentration Acetyl CoA Acetoacetyl CoA
mu moles
50 0.117 0.028
100 0.250 0.053
150 0.310 0.078

* The reaction mixtures contained the indicated amounts
of acetyl CoA or acetoacetyl CoA, 30 mumoles of DL-
carnitine, 150 umoles of Tris-HCI buffer, pH 7.6, 100 mu-
moles of 5,5-dithiobis-2-nitrobenzoic acid (38), and 0.15
mg of acyl CoA-carnitine acyltransferase. Final reaction
volumes were 0.80 ml. Reactions were run at 30° for 15
minutes. Final absorbency changes at 412 mu were ob-
tained by subtracting absorbency changes in reference
curvettes lacking carnitine from total absorbency changes.
The initial velocities (first 2 minutes) were used for the
calculation of the production rate of coenzyme A
(sulfhydryl groups).
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TABLE V

B-ketothiolase activity of Acyl CoA-carnitine
acyltransferase and L(+)B-hydroxyacyl
CoA dehydrogenase*

umoles DPNH oxidized

0.2 mg L (+)B8-hydroxyacyl
CoA dehydrogenase/20

minutes
Reactions pH 7.6 pH 6.5
1. Acetyl CoA 0.037 0.028
2. Acetylcarnitine
+ CAT + CoA 0.029 0.019
3. Acetoacetyl CoA 12.8 11.3

* The reaction mixtures all contained 50 umoles potas-
sium phosphate buffer, pH 7.6 or 6.5, 0.2 umole DPNH, 5
umoles magnesium chloride, and 0.1 mg L(4)B-hydroxy-
acyl CoA dehydrogenase. Reaction 1 contained 0.5 umole
acetyl CoA. Reaction 2 contained 0.5 umole acetylcarni-
tine, 0.5 umole coenzyme A, and 0.26 mg carnitine acyl-
transferase (CAT). Reaction 3 contained 0.26 umole
acetoacetyl CoA. Final reaction volumes were 1.0 ml
Incubations were at 25° for S minutes. Decrease in optical
density at 350 mu was followed. Initial velocities of the
reactions (first 2 to 3 minutes) were used to calculate re-
action rates.

used in the reaction and about 40% of the radio-
activity in peak 2. The hydroxamates formed
were found to have R¢’s of 0.20 and 0.13 in the
butanol : ammonia solvent system and 0.35 and
0.68 in the methylene chloride: butanol: acetic
acid system. These were identical with those of

TABLE VI

Enzymatic detection of acetoacetylcarnitine®

DPNH

Reaction oxidized

umoles/

20 minutes

1. Complete 0.26
2. —CuM-peak 2 0.016
3. —CoA 0.012
4, —CAT 0.004
5. —DPNH 0.008
6. —L(4)B8-hydroxyacyl CoA dehydrogenase 0.007

* Reaction mixture 2a contained 0.66 umole of Cl-carnitine deriva-
tive that had been extracted from peak 2, 1.0 umole reduced coenzyme
A, 100 gmoles of Tris-HCI buffer, pH 8.0, and 0.26 mg of acyl CoA-
carnitine acyltransferase (specific activity, 0.68 umole per mg protein).
Final reaction volume was 1.2 ml. The incubation was at 27° for 5§
minutes. The reaction was terminated by the addition of 0.1 ml of
209, trichloroacetic acid and the precipitated protein removed by centri-
fugation. The supernatant was brought to pH 6.5 with KOH and used
in reaction 2b. The final supernatant volume was 1.8 ml.

Reaction 2b contained 0.5 ml of the neutralized supernatant from
reaction 2a, 50 umoles potassium phosphate buffer, pH 6.5, 0.2 umole
DPNH, and 0.2 mg of L(+) B-hydroxyacyl CoA dehydrogenase.
Final reaction volume was 1.0 ml. The incubation was run at 23° for
20 minutes. The change in optical density at 340 mu was recorded.

Controls on the over-all conversion of the Cl-carnitine extract of
peak 2 to f-hydroxybutyryl CoA consisted of : 7) the omission of the
Cl-carnitine peak 2 extract, coenzyme A or acyl CoA-carnitine acyl-
transferase (CAT) in reaction 2a, and 2) the omission of DPNH of
L (4)B-hydroxyacyl CoA dehydrogenase in reaction 2b.
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TABLE VII

Effect of carnitine on the conversion of pyruvate-2-C* to CO.
acetylcarnitine and long-chain fatty acids*

Cl4-ace-

tylcarni- Cu-fatty
Reaction Cu0, tine acids
cpm cpm/mg cpm
la. Pyruvate-2-C14 31,275 138 3,820
1b. Pyruvate -+carnitine 23,090 388 8,370
2a. Pyruvate-2-Cu 16,715 96 2,020
2b. Pyruvate +-carnitine 14,250 172 3,860
3a. Pyruvate-2-C1 38,670 112 5,170
3b. Pyruvate +carnitine 33,590 260 9,675

* The reaction mixtures contained 10 wmoles of pyruvate-2-Ci4
(200,000 cpm), 10 umoles glucose-6-phosphate, 1 umole TPN, and be-
tween 21 and 33 mg of fed guinea pig liver homogenate in 2 ml of cal-
cium-free Krebs-Ringer phosphate buffer, pH 7.4. Five umoles of
DL-carnitine was added where indicated. Final reaction volumes were
2.5 ml. Incubations were at 37° for 1 hour. The amount of protein
gsed v;a§€3 mg in reactions 1a and 1b, 21 mg in 2a and 2b, and 28 mg in

a an .

chemically prepared standards of B-hydroxybuty-
rylhydroxamate and acetylhydroxamate.

These data show that acetoacetylcarnitine was
demonstrable in the fasted liver preparation in
which carnitine stimulates acetoacetate production.

Carnitine and long-chain fatty acid synthesis.
In liver homogenates from fed animals exogenous
carnitine increased the conversion of pyruvate-2-
C** to long-chain fatty acids and to acetylcarni-
tine, whereas it decreased the oxidation to C**O,
(Table VII). Both the conversion of pyruvate
to acetyl CoA and the oxidation of acetyl CoA
to COs occur within the mitochondria, whereas
the bulk of long-chain fatty acid synthesis from
acetyl CoA is extramitochondrial (10). Thus
carnitine increased the utilization of acetyl CoA
in the extramitochondrial compartment of the
cell and decreased its intramitochondrial use.
This would support a transport function role
of carnitine in moving activated acetyl groups
across the mitochondrial barrier as acetylcarni-
tine (2, 5).

Discussion

The data presented suggest that carnitine plays
a central role in acetoacetate production and long-
chain fatty acid synthesis.

Carnitine augmented the production rate of
acetoacetate in fasted guinea pig liver homoge-
nates with a decrease in specific activity, whereas
it increased the acetoacetate production rate in
fasted guinea pig liver mitochondria with no
change in specific activity. These data might be
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explained by consideration of the role of carnitine
in long-chain fatty acid metabolism proposed by
Fritz and Yue (1). These investigators postu-
lated that the carnitine-induced stimulation of
long-chain fatty acid oxidation and acetoacetate
formation (11) was the result of a translocation
of long-chain fatty acyl derivatives of carnitine
from extra- to intramitochondrial sites. Thus,
the effect of carnitine on the fasted homogenate
with its abundant unlabeled extramitochondrial
triglycerides would be to make more unlabeled
acetoacetate by effecting an increased rate of
movement of unlabeled long-chain fatty acids into
the mitochondria. The mitochondrial prepara-
tion, with only small amounts of unlabeled tri-
glyceride to serve as endogenous substrate, under-
goes little change in specific activity.

The stimulatory effect of carnitine on the rate
of conversion of pyruvate-2-C to acetoacetate in
the fasted homogenate and mitochondria, and to
long-chain fatty acids in the fed homogenate, could
be explained by the postulated role of carnitine
in short-chain fatty acid metabolism. Norum
and Bremer (2) and Fritz and Yue (5) have
postulated that acetyl CoA formed within the
mitochondria is converted to acetylcarnitine by
the acyl CoA-carnitine acyltransferase in the
presence of carnitine, and that acetylcarnitine is
transported out of the mitochondria. Outside the
mitochondria acetyl CoA is regenerated from
acetylcarnitine (5, 6). This carnitine-stimulated
transport of short-chain acyl groups out of the
mitochondria could have occurred in both fed and
fasted liver preparations. In the fed homogenate
the extramitochondrial enzymes of long-chain
fatty acid synthesis convert the translocated acetyl
CoA to long-chain fatty acids. In the fasted liver
homogenate fatty acid synthesis is depressed and
acetoacetate production is increased. The stim-
ulatory effect of carnitine on the mitochondrial
conversion of pyruvate-2-C* to acetoacetate, and
the detection of acetoacetylcarnitine in the re-
action mixture, raised a question concerning the
locus of action of the carnitine stimulation of
acetoacetate production.

v-Butyrobetaine, a competitive inhibitor of car-
nitine, markedly depressed acetoacetate produc-
tion. The site of the inhibition could have been
either on the movement of long-chain fatty acids
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into the mitochondria or on the movement of
acetoacetylcarnitine out of the mitochondria.
Since Fritz has shown that y-butyrobetaine in-
hibits the short-chain carnitine transferase (23)
and Bressler and Friedberg have demonstrated
this inhibition effect on the long-chain carnitine
transferase (4), the locus of action of carnitine
is not known with certainty, but might be on both
systems.

The detection of acetoacetylcarnitine in the re-
action mixture in which carnitine stimulated aceto-
acetate production raises the question of whether
acetoacetyl CoA must be transported out of the
mitochondria to be converted to acetoacetate.
Two pathways have been demonstrated for the
production of acetoacetic acid from acetoacetyl
CoA. Lynen and co-workers (34) have proposed
a pathway known as the “HMG shunt.” In this
two-stage sequence acetoacetyl CoA condenses
with acetyl CoA in the presence of a specific con-
densing enzyme to form B-hydroxy-g-methyl glu-
taryl CoA (HMG CoA). The HMG CoA is
cleaved by a specific cleavage enzyme to acetyl
CoA and acetoacetate. Although the cleavage
enzyme is predominantly mitochondrial, the con-
densing enzyme is in high concentration in the
microsomes (35). Stern, Drummond, Coon, and
del Campillo (36) and Segal and Menon (37)
have presented evidence in support of a direct
deacylation of acetoacetyl CoA to acetoacetate by
a mitochondrial deacylase. Because of the great
difficulty in complete separation of fractions by
means of centrifugation procedures, the exact
functional sites of these enzymes are not definitely
known. The transport of acetoacetyl CoA out of
the mitochondria as acetoacetylcarnitine could be
a prerequisite for acetoacetate formation. Such a
situation would exist if 7) the HMG CoA con-
densing enzyme was predominantly extramito-
chondrial and so needed extramitochondrial aceto-
acetyl CoA or 2) the deacylation of acetoacetyl
CoA occurred on the mitochondrial membrane.

Summary

Carnitine increased acetoacetate production in
liver homogenates and mitochondria from fasted
guinea pigs and stimulated the conversion of py-
ruvate to long-chain fatty acids in homogenates
from fed guinea pigs. y-Butyrobetaine, a com-
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petitive inhibitor of carnitine, markedly depressed
acetoacetate production in the fasted preparation.
The role of carnitine in the transport of long-chain
fatty acyl CoA derivatives into, and short-chain
fatty acyl CoA derivatives out of, the mitochon-
dria is discussed.
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