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It is of interest that the mitotic response 
to injury is associated with a latent period 
of about 2 days. Whatever the signal is that 
denotes a stimulus lfor vessel cell prolifera- 
tion, it evidently requires a time-consum- 
ing reaction to become effective. The present 
data suggest that the replacement cells are 
derived from the blood vessel itself, rather 
than from a remote pool of proliferating cells. 
It has been suggested that vascular endo- 
thelium may be derived from blood leuko- 
cytes(4,S). T'his hypothesis is not supported 
by the present observation that labeled cells 
failed to appear in injured vessels when triti- 
ated thymidine was administered prior to 
injury, although labeled blood leukocytes 
were abundant. 

Since different types of vascular injury 
are accompanied by proliferative activity, a 
practical implication of the present studies 
is that increased labeling of blood vessels 
may be a sensitive indicator of damage. 
Studies are in progress which will use the 

vessel labeling technique to determine the 
effects of endotoxin and of experimental 
thrombocy topenia purpura. 

Summary. Rabbit blood vessel cells were 
labeled with tritiated thymidine. Labeled cells 
were seen in all layers of all vessels of nor- 
mal, adult animals, although the incidence 
was low. Following chemical or physical in- 
jury, increased mitotic activity developed 
after a latent period of 2 days. Injection 
of isotope prior to vascular injury was un- 
accompanied by the appearance of labeled 
cells in the vessel wall. 
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We have recently reported the chemical 
synthesis( 1 ) and 'mitochondria1 oxidation ( 2 )  
of three l-lT-labeled intermediates of the 
/3 oxidation of palmitate, namely, trans-2- 
hexadecenoate, 3-hydroxyhexadecanoate and 
3-ketohexadecanmte. In the light of the pos- 
tulates (3-51) that the carnitine-induced stim- 
ulation of the mitochondria1 oxidation of long- 
chain saturated fatty acids (6,7) is mediated 
through 'the function of O-acyl carnitine as 
a carrier of saturated fatty acids across mito- 
chondrial membranes, we undertook to ex- 
amine the possible effects of carnitine on 
the oxidation of the aforementioned inter- 
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mediates of palmitate p oxidation by liver 
and heart muscle mitochondria. Since Norun 
has reported recently(8) that the enzyme 
catalyzing the reversible formation of O-pal- 
mityl carni tine, namely, palmityl CoA-arni- 
tine palmityl transferase, is elevated in ac- 
tivity in livers od alloxan-diabetic rats, we 
have also examined the effects of carnitine 
on the oxidation of the palmitate 8 oxidation 
intermediates by liver mitochondria from 
diabetic rats. 

The data presented here demonstrate that 
carnitine stimulated oxidation not only of 
palmitate, but also of two of the three /3 
oxidation derivatives of palmitate, by liver 
and heart muscle mitochondria from normal 
and diabetic rats. With liver mitochondria, 
carnitine also increased the accumulation of 
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acetoacetate from palmitate and p oxidation 
intermediates. Diabetes did not modify the 
carnitine effect. 

A preliminary report of these studies has 
appeared (9).  

Experimental procedures. [ 1 -l%] Palmitic 
acid was obtained from Nuclear Research 
Chemicals, Orlando, Florida, and [ 1-14C] 
trans-2-hexadecenoic acid, [ 1-14C] DL-3-hy- 
droxy-hexadecanoic acid, [ 1J4C] 3-ketohex- 
adecanoic acid were synthesized as previously 
reported( 1).  Crystalline bovine serum albumlin 
(BSA) was obtained from Pentex, Inc., DL- 
carnitine-HC1 from Calbiochem, CoA from 
Pabst Labs. and ATP and P-NAD from 
Sigma Chem. Co. 

Male rats, 7- to 8-weeks old, obtained from 
Holtzman Rat Co., were fed Purina labora- 
tory chow, but were fasted overnight prior 
to use. Diabetes was induced by a single 
intraperitoneal injection of alloxan (20 mgJ 
100 g body wt) following a 24-hour fast; the 
animals had free access to the stock diet 
thereafter. Only rats with blood glucose levels 
above 300 mg% and glucosuria were used 
as diabetic animals; this condition usually 
resulted within 4 days after administration 
of alloxan. 

Liver and heart muscle tissues were homo- 
genized in a solution composed of 0.01 M 
Tris-HC1 buffer (pH 7.4)-0.001 M sodium 
EDTA-0.2 5 M sucrose; following removal 
of nuclei and cellular de'bris a t  700 X g, 
liver and heart mitochondria were isolated 
at  lQ,OOO X g and 20,000 X g, respectively, 
according to standard techniques. 

Incubations were performed in 25 ml 
flasks fitted with serum caps and hanging 
glass center wells. The standard incubation 
medium for studies with liver mitochondria 
contained the following components in a total 
volume of 3 ml: 420 pmoles ECl, 0.3 pmole 
succinate, 9 pmoles MgS04, 6 pmoles ATP, 
3 6 pmoles potassium phosphate buffer (pH 
7.4), 250 pmoles sucrose, 1 pmole EDTA, 
10 pmoles Tris-HC1 buffer (pH 7.4) , 3 pmoles 
of fatty acid substrate as the sodium salt, 
and, when used, 0.45 pmole BSA and 1.5 
pumoles DL-carnitine-HCl. Each vessel con- 
tained 8 to 10 mg of mitochondria1 protein, 
except with the 3-ketohexadecanoate sub- 

strate where only 0.25 mg of mitochondrial 
protein was required to obtain zero order 
kinetics. 

The incubation medium for heart mito- 
chondria contained, in addition to the above 
listed components, 7.5 pmoles p-NAD and 
0.12 pmole CoA; fatty acid substrates were 
0.3 pmole; where used, BSA was 0.045 
pmole. The amount of mitochondrial protein 
used varied with each substrate, i.e., 2 mg 
with palmitate, 0.5 to 0.7 mg with trans-2- 
hexadecenoate and DL-3-hydroxyhexadeca- 
noate, and 0.02 mg with 3-ketohexadecano- 
ate; in these ranges, zero order kinetics were 
obtained. 

Following incubation for 1 hour at 37", 
0.3 ml of Hyamine hydroxide (Rohm and 
Haas; 1 M in Methanol) was injected through 
the serum cap into the center well, and 0.3 
ml of citric acid (0.5 g per ml) into the 
incubation mixture. The flasks were then 
shaken for an additional 30 minutes to per- 
mit complete absorption of radioactive car- 
bon dioxide by the Hyamine. Radioactive Hy- 
amine carbonates were transferred to count- 
ing vials containing 10 ml of 0.4% 2,S-di- 
phenyloxazole-0.051% 1,4-bk-2- ( Sdphenyloxa- 
zolyl) benzene in toluene for determination 
of radioactivity in a Nuclear-Chicago liquid 
scintillation spectrometer ; quench correc- 
tions were made by the channels ratio method. 
In  those studies in which acetoacetic acid was 
assayed, fresh center well assemblies were 
then placed in the incubation flasks, 0.3 ml 
of Hyamine was injected into the center wells, 
and 0.4 ml of an aniline-citrate reagent (0.5 
g per ml each of aniline hydrochloride and 
citric acid in water) into the incubation mix- 
tures; flasks were shaken for 60 minutes, dur- 
ing which time the carboxyl carbon atom of 
acetoacetic acid, quantitatively removed as 
carbon dioxide, was absorbed in the Hyamine. 

The results are expressed in terms of 
mpmoles of substrate oxidized to 14C02 or 
converted to acetoacetate per mg of mitochon- 
drial protein during one hour of incubation; 
values are corrected for 1 4 C 0 2  produced in 
the absence of mitochondria. 

Results. The effects of carnitine on the oxi- 
dation of the 4 substrates to 14C02 by rat liver 
mitochondria are shown in Table I. It is ap- 
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TABLE I. Effects of Carnitine on Oxidation t o  14C0, of Palmitate and Its p Oxidation Products 
by Liver Mitochondria from Normal Rats. 

mpmoles oxidized to 14C02 per mg protein per hr 
lJ4C substrate Basal Carni tine % Increase 

~~ ~ 

P almi ta te 15.05 e 3.29 * 24.47 2 3.75 63 
(25.11 ZL- 6.66) t (43.81 ZL- 5.72) (43) 

Trans-2-Hexadecenoate 9.68 2 .69 14.39 -+ 1.62 49 
(20.29 2 4.89) (32.32 2 3.84) (59) 

(27.62 .78) (37.013 2 2.78) (70) 
3-Kstohexadecanoate 2881 _+ 243 3312 2 318 - 

DL-3-Hydroxyhexadecanoate 17.84 _+ .63 27.86 -+ 3.22 56 

* Mean 
t Values in  parentheses were obtained in the presence of 0.15 mM BSA. 

S.E., for 5 experiments. 

parent that carnlitine significantly stimulated 
the oxidation of all substrates except 3-ke- 
tohexadecanoate. In the presence of BSA, 
which is frequently used to solubiliae long 
chain fatty acids, basal oxidations were sig- 
nificantly elevated; however, BSA did not 
significantly alter the extent of the effect of 
carnitine. No results are reported for the 
mitochondria1 oxidation of 3-ketohexa- 
decanoate in the presence of BSA since this 
protein, either crystalline or fatty a c i d - p r ,  
caused extensive, non-enzymatic decarbox- 
ylatioa of the 3-keto compound. Concurrent 
exprimenits on the effects of carnitine on the 
production olf acetoacetate revealed a pat- 
tern similar to that seen when oxidation to 
carbon dioxide was the parameter measured, 
that is, an increase in the accumulation of 
acetoacetate from all these substrates (Table 
11); as in Table I, BSA increased basal val- 
ues but, in addition, greatly magnified the 
effect of carni tine. 

Similar studies were carried out with rat 
heart musclle mitochoadria, since it has been 
reported that this tissue preferentially oKidizes 
fatty acids (lo), and sin'ce the carnitine mech- 
anism has been thoroughly demonstrated in 
this tissue( 7) .  The results of these experiments 
are shown in Table 111. It is apparent from 
these data that carnitine stimulated oxidations 
of palmitate and its unsaturated and 3-hy- 
droxy derivatives; carnitine effects in this 
tissue were much greater than in liver mitot- 
chondria, a distinction previously reported for 
palmitate oxidation( 1 1 ) .  However, as with 
liver, there was no significant effect of carni- 
tine on the oxidation of 3-keto derivative by 
heart mitochondria. TabZe I11 also illustrates 
that BSA cawed a 2-tw3-fold stimulation of 
the carnitine effect on fatty acid oxidation, an 
observation made previously with palmitate 
oxidation in the presence of BSA(l1). We 
have also observed, as have other investigators 
(6 ) ,  that acetoacetate did not accumulate in 

TABLE 11. Effects of Carnitine on Accumulation of Acetoacetate from Fat ty  Acids in Liver 
Mitochondria from Normal Rats. 

m&moles of acetoacetate formed per mg protein per hrS 
1-140 substrate Basal Carnitine % Increase 

Palmitate 5.24 & 1.22 * 10.86 k 1.07 96 
(17.0,O & 6.685) t (58.60 k11.13) (295) 

l'rans-2-Hexadecenoate 3.89 e .51 6.33 2 .96 63 

DL-3-Hydroxyhexadecanoate 2.15 .36 4.86 2 .78 126 
(7.42 2 2.04) (35.05 ZL- 7.91) (372) 

(3.55 2 .26) (34.27 2 3.45) (865) 

* Mem 2 S.E., for 5 experiments. 
t Values in parentheses were obtained in the presence of 0.15 mM BSA. 
$ Values were calculated on the assumption that the carbonyl and carboxyl (isolated) car- 

bon atoms of acetoacetate contained equal amounts of radioactivity( 12). m e  conversion of 
[ l-14C] 3-ketohexadecanoate to acetoacetate was not determined, since aniline citrate also de- 
carboxylated the former. 
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TABLE 111. Effects of Oarnitine on Oxidation to 14C0, of Palmitate and Its p Oxidation Prod- 
ucts by  Heart  Muscle Mitochondria. 

mpmoles oxidized to I4CO, per mg protein per h r  
lJ4C substrate Basal Carnitine % Increase 

Palmitate 4.49 & .45 * 22.06 k 4.01 391 
(4.72 2 .43)t (43.70 k 6.85) ( 826 ) 

Trans-2-Hexadecenoate 1.83 k .25 4.05 2 .99 121 
(2.03 k .54) (13.82 & 4.23) (582) 

(5.01 k l .10 )  (10.22 k 1.87) (104) 
DL-3-Hydroxyhexadecanoate 4.76 -i .72 6.99 2 1.69 41  

3-Ke tohexadecanoate 3416 k 297 3593 k 278 - 

* Mean k S.E.M for  5 experiments. 
t Values in  parentheses were obtained in the presence of 0.015 mM bovine serum albumin. 

TABLE IV. Effects of Carnitine on Oxidation of Palmitate and Its p Oxidation Intermediates 
by Liver Mitochondria from Diabetic Rats. 

mpmoles oxidized to 14C0, per mg protein per h r  
lJ4C substrate Basal Carnitine % Increase 

Palmitate 10.10 k 1.79" 17.35 2 3.61 72 
Trans-2-Hexadecenoate 7.64 2 2.48 10.93 & 3.80 43 
DL-3-Hydroxyhexadecanoate 9.97 -t 1.57 15.40 2.38 54 
3-Ketohexadecanoate 2722 k 232 2873 & 237 - 

* Mean 2 S.E., for 5 experiments. 

this tissue, and no effects of carnitine were 
seen on the formation of this product. 

Since it has been reported that hepatic fatty 
acyl-carnitine transferase activity was elevated 
in diabetic rats(8), we examined the effects of 
carnitine on the oxidation of the 4 substrates 
by liver mitochondria from diabetic rats; the 
results are given in Table IV. As with normal 
tissue, carnitine stimulated the oxidation of 
palmitate, trans-2-hexadecenoate and DL-3- 
hydroxyhexadecanoate, but not 3-ketohexa- 
decanoate. I t  should be noted that the car& 
tine effect with tissue from diabetic animals 
was no greater than that observed with nor- 
mal liver mitochondria (compare Table I and 
IV). Furthermore, diabetes appeared to de- 
press somewhat the basal oxidation of all 
substrates except the 3-ketoderivative ; carni- 
tine increased these values to the normal 
range. 

The production of acetoacetate from all 
substrates by liver mitochondria from diabetic 
animals (Table V) was similar to that ob- 
tained with normal tissue (Table 11) ; how- 
ever, diabetes significantly increased the mag- 
nitude of the carnitine effect. 

Discussion. In interpreting these results we 

were concerned, of course, with the physiologi- 
cal significance of these carnitine effects. What 
could be the function of a carnitine-stimu- 
latable translocation mechanism far inter- 
mediates of the oxidation of long-chain fatty 
acids if these are produced exclusively by 
and remain within the mitochondrion? A clue 
to a possible function has been provided by 
the recent description by Nugteren( 13) of a 
rat liver microsomal chain elongation mech- 
anism involving malonyl CoA and NADPH, in 
which the aforementioned compounds, namely, 
non-protein bound 3-ketoacyl-CoA, 3-hydrox- 
yacyl-CoA and trans-2-enoyl-CoA derivatives 
of palmitate occurred successively as inter- 
mediates. It may be p t u l a t e d ,  therefore, 
that, when required, such fatty acid inter- 
mediates produced either by oxidative or re- 
ductive reactions, might be translocated across 
mitochondria1 and microsomal membranes by 
the carnitine mechanism, for oxidative and/or 
reductive purposes. 

In  contrast to Norum's findings of increased 
hepatic fatty acyl carnitine transferase ac- 
tivity in diabetic rats(8) we were unable to 
demonstrate in these experiments any effect 
of carnitine on the oxidation of the 4 sub- 



CARNITINE AND FATTY ACID TRANSPORT 1205 

TABLE V. Effects of Carnitine on Production of Acetoacetate from Fatty Acids in Liver 
Mitochondria from Diabetic Rats. 

mpmoles of acetoacetate formed per mg protein per hrt 
lJ4C substrate Basal Carnitine % Increase 

Palmitate 2.82 2 .69* 11.80 2 4.70 318 
Trans-2-Hexadecenoate 2.63 2 .66 5.88 2 .74 123 
DL-3-Hydroxyhexadecanoate 1.24 2 .37 3.22 k .40 160 

* Mean -+. S.E.y for  5 experiments. 
t See Table I1 for derivation. 

strates by Ever mitochondria from diabetic 
rats significantly greater than that seen with 
normal tissue. A greater carnitinie effect in 
diabetic tissue might have been masked by 
large increases in fatty acid oxidation to 
carbon dioxide as a result of diabetes. Supris- 
ingly, however, under our experimental con- 
ditions mitochondrial oxidation to carbon 
dioxide of all fatty acids except 3-ketopl- 
miitate, and the production of acetoacetate 
from oxidation products, were not decreased 
by diabetes. It is possible that the cellular 
disruption and washing procedures required to 
isolate liver mitochondria removed factors 
responsible for the elevated hepatic oxidation 
of fatty acids which can be observed in intact 
animals and in (relatively intact liver prepara- 
tions ( 14) ; we have found no literature report 
of elevated fatty acid oxidation in hepatic 
mitochondrial preparations from diabetic ani- 
mals. Production of the aforementioned hy- 
pothetical factors might be induced by the 
high tissue levels of free fatty acids known to 
result from increased transfer of fatty acids 
from a d i p e  tissue to the liver in experi- 
mental diabetes. 

We have previously noted a very high level 
of mitochondrial oxidation of 3-ketohexa- 
decanoate relative to that of palmitate and 
the other two P-oxidation intermediate,, and 
have reported a 2-fold increase in the oxi- 
dation of this derivative in diabetes (2). How- 
ever, in contrast to this initial report( 2), sub- 
sequent studiies in which experimental con- 
ditions were more rigorously controlled, failed 
to reveal increased oxidation of 3-ketohexa- 
decanoate by liver mitochondria from dia- 
betic rats. 

We have no explanation for the lack of 
a carnitine effect on the mitochondrial oxi- 
dation of 3-ketohexadecanwte (Table I, 111, 

IV).  Considering the fact that the rate of 
oxidation of 3-ketohexadecanmte by liver and 
heart mitochondria was about 2W #times 
greater than that of the other 3 substrates, i t  
is possible that this compound rapidly and 
freely diffuses through mitochondrial mem- 
branes, and that no carnitine-mediated carrier 
mechanism is required to facilitate transport. 

In the light of the present results, we may 
anticipate that specific or general transferases 
exist for the formation of the carnitine esters 
of 2 -hexadecenoic and 3-hydroxyhexadecanoic 
acids from the corresponding CoA derivatives. 
We are presently engaged in the chemical 
synthesis of these derivatives, and in a search 
for specific transferases. 

Summary. The effects of carnitine and BSA 
on the oxidation to C02 and conversion to 
acetoacetate of [ l-14C] palmitate, [ 1-14C] 
trans - 2 - hexadecenoate, [ 1 - 14C] DL - 3 - hy- 
droxyhexadecanoate and [ 1-14C] 3-ketohexa- 
decanoate were examined in liver mitochondria 
from normal and diabetic rats and in heart 
muscle mitochondria from normal animals. 
Carnitine stimulated the oxidation of d l  sub- 
strates except the 3-keto intermediate by nor- 
mal liver and heart muscle mitochondria; BSA 
increased basal oxidation and augmented the 
carnitine effect on the oxidatioln of these same 
compounds in both tissues. Carnitine increased 
the conversion of palmitate and the un- 
saturated and hydroxy derivatives to aceto- 
acetate in liver mitochondria; BSA greatly in- 
creased both basal and carnitine-stimulated 
acetoacetate production ; no acetoacetate ac- 
cumulated under any coaditions in heart 
mitochondria. Diabetes did not significantly 
influence the oxidation of, or the accumu- 
lation of acetoacetate from, .any of the 4 
substrates tested in liver mitochondria, nor 
was the effect of carnitine greater than normal 
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in tissue obtained from diabetic rats. 
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Bruce and McCulloch( 1) have postulated 
two kinds of stem cells: a )  one capable of 
forming spleen colonies and reestablishing 
hemopoiesis in a lethally irradiated host ( 1 ) , 
henceforth referred to as CFU, and b) cells 
that respond to erythropoietin, referred to 
here as ERU (erythropoietin responsive 
units) derived from the colony forming cells 
mentioned in a ) .  Porteous and Lajtha, how- 
ever, are of the opinion that there is no good 
reason to pustulate two kinds of cells(2). 
Bruce et al have shown, using chemothera- 
peutic agents such as Vinblastine and Ami- 
nopterin, which kill cells in cycle(3), that 
few of CFU in marrow are in generation cycle. 
On the other hand, the effects of low doses of 
irradiation and colchicine suggest that the 
ERU respond to EP shortly after mitosis(4). 
Vinblastine has been shown by Valeriote et al 
to be useful for the study of the cell cycle in 
v ivo (5 ) .  This drug kills only cells passing 
through mitosis(6), has a biological half life 
of 3.5 hours ( 7 )  and a discontinuous dose re- 
sponse curve with a critical dose of 5 pg  for 
mice, below which no cells die, above which 

*This work was partially supported by a. Gnant 
fnom U. S. Atomic Energy Cfoimmission t o  Univ. of 
Chile, NYO-AT (30-1)-2488-10. 

100% mortality occurs( 7). Vinblastine thus 
seems a valuable tool to determine whether 
ERU are in cycle before being exposed $to 
EP and within what time after exposure to 
EP they go through mitosis. The present 
paper reports the results of effects of Vin- 
blastinet (Velban) and 4-Amin+N1° methyl 
pteroyl-glutamic acid3 (Methotrexate) a drug 
also known to affect cells in cycle(3), on the 
response to EP of mice with transfusion 
polycyt hernia. 

MateriaZs and methods. Ten-toctwelve- 
weeks-old 18-20 g female BI0D2 mice, main- 
tained in the Dept. of Biology, School of Med- 
icine, University of Chile, were used as recipi- 
ents. Each group contained at  least 5 mice. 
They were transfused with 5 ml of washed 
erythrocytes, intravenously on day 0 and 1. 
Five units of erythropoietin were injected sub- 
cutaneously on day 6, 0.1 pc 59Fe ferric citrate 
(specific activity > 5  pc/pg) was injected on 
day 8. The mice were bled on day 9 and radio- 
activity of washed erythrocytes and micro 
hematocrits measured. Only mice with heart 

~ ~~ 

t Generous gift from Eli Lilly and Co., Indiana- 

3 Generous gift from Lederle Lab., Pearl River, 
polis. 
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