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. ABSTRACT

Carnitine, which is synthesized in vivo from e-N-trimethyl- 
lysine, is responsible for the transport of long-chain fatty acids 
through the mitochondrial membrane. Following a review of the litera
ture on the biosynthesis and function of carnitine, a series of 
experiments will be described which investigate the regulation of the 
biosynthesis of carnitine. The model used in these experiments involves 
introducing a protein, fetuin, into rats. This protein was modified 
with [^C]-methyl groups on the e-N- portion of that protein's lysine
residues. Using this technique, we have been able to confirm that 
1A[ C]- -N-trimethyllysine introduced by means of asialo-fetuin can be

used to follow the incorporation of these [**"̂ C]-methyl groups through 

various carnitine precursors and into carnitine. Various compounds 
which are known to alter carnitine biosynthesis were administered to 
the rats along with the protein. These experiments conclude that there 
is a rate limiting step in carnitine biosynthesis at the aldolase step 
converting £-hydroxy-e-N-1rimethy1lysine to y-trimethylaminobutyric 
acid. Concerning the identification of the actual regulator of 
carnitine biosynthesis^ no firm conclusions can be drawn from this work. 

However9 several potential regulators 'are suggested.



CHAPTER 1

INTRODUCTION

Carnitine was discovered as a constituent of animal tissues at 
the beginning of this century (Rutscher 1905; Gulewitsch and Krimberg 

1905) and its structure later elucidated as g-hydroxy-y-N-1rimethyl- 
aminobutyric acid (T omit a and Sendju 1927), Some years later vitamin 

, a then recently discovered growth factor for the meal worm Tehebrio 
molitar (Fraenkel, Blewett and Coles 1948), was isolated, and 
identified as carnitine (Carter et al, 1952a, 1952b). Despite this 
absolute nutritional requirement in Tenebrio, carnitine has not held 

the interest of nutritionists since it has been shown by many 
laboratories that experimental animals grown on diets completely 
deficient of carnitine can synthesize carnitine from dietary components.

The first evidence of a biochemical role for carnitine was work 

by Friedman and Fraenkel (Friedman and Fraenkel 1955; Fraekel and 
Friedman 1957) showing that carnitine appeared to inhibit enzymatic 

acetylations performed by soluble preparations from pigeon liver 
acetone powders. This was found to be due to an enzyme in these crude 

extracts which was active in* the acetylation of carnitine to acetyl- 
carnitine.. At this same time Fritz (1955) found that carnitine, when 
added to liver slices and homogenates, enhanced the rate of palmitic
acid oxidation. Fritz and Kaplan (1959) showed that carnitine addition

-6above 10 M resulted in augmentation of palmitate oxidation by whole

1



heart homogenates and by isolated mitochondria» They also found an 
increase of this carnitine effect by addition of cpenzyme A (CoA)> 
although no CoA requirement could be demonstrated in the absence of the 
added carnitine. Later9 it was established that long-chain fatty acids 
are dependent on carnitine for transmitochondrial transport. Without 

carnitine9 long-chain fatty acids could not enter the mitochondrial 

matrix arid thus could not undergo 3-oxidation (Bremer 19'62a, 1962b* 
1963; Fritz and Yue 1963).

A more complete understanding of the role of carnitine in the 

regulation of biological processes9 and its role in the causes and 

effects of various conditions and disease states, may assist in the 

understanding of these processes and conditions. Further insight into 
the biosynthesis of carnitine and, in particular, the control of this 
biosynthesis, may be of some use in ascertaining the role of carnitine 

in the etiology of these conditions. The project described in this 

thesis was undertaken with the intent of examining the control of the 
biosynthesis of carnitine in the rat. This control can occur in 
several locations along the biosynthetic pathway, and these locations 
will be discussed fully at the end of this introduction and in the 
discussion section of this thesis. Previous studies of carnitine 
biogenesis will first be reviewed as background for this work, which 
may help to explain how some disease states and conditions in man, such 
:a,s diabetes, starvation, and pregnancy, may cause, or may be caused by

altered carnitine metabolism.
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Carnitine Biogenesis

Carnitine from y-Butyrobetaine

The first evidence suggestive of an intermediate in carnitine 

metabolism was by Linneweh (1929) • He gave dogs 20 gm of y-butyro- 
betaine or crotonobetaine over a six day period, and quantitated for 
carnitine in the urine. While y-butyrobetaine administration resulted 
in 3% of the dose appearing as carnitine, crotonobetaine resulted in 
only 0.1% carnitine formation. Based on these studies and other 
information on g-oxidation, he postulated the following pathway for 
carnitine biosynthesis:

© -• ©
(C H3 ) 3 -rN -C H2 -C H 2 -C H 2 -C O O H  — : > (C H3 ) 3~ N -C H 2 -C H =C H -C O O H  -------------->

©
(CH3)3-N-CH2~CH-CH2~COOH 

OH .

with further metabolism of carnitine to glycine betaine. Other 

experiments which attempted to verify this pathway (Fraenkel and 
Friedman 1957) . were inconclusive.

Thirty-two years after Linneweh1s work, Lindstedt and Lindstedt 

verified y-butyrobetaine as a precursor of carnitine. In 1961, they 
administered [1 - ^ C ]-g-butyrobetaine to rats intraperitoneally. Forty 

percent of the activity was excreted in the urine within 30 hours, with 

50% of this activity being carnitine and 50% unchanged g-butyrobetairie. 
Fifty percent of the unexcreted activity was recovered from liver, 
heart, muscle, and carcass. Analysis of these tissues showed that 98%



of this activity appeared as carnitine and therefore a total of at 

least 70% of the injected y-butyrobetaine was converted to carnitine in 
this experiment• In addition, no glycine betaine was found 
(Lindstedt and Lindstedt 1961)» Lindstedt and Lindstedt (1962) then 

began work on the actual hydroxylation of y-butyrobetaine to carnitine. 

They found that the reaction is catalyzed by a soluble enzyme system 

requiring molecular oxygen in the presence of NADPH or NADP and 
ascorbate. These cofactors could not be replaced by a combination of 
CoA, ATP, Mg , and FAD. Furthermore) they localized the enzymatic 
activity in the 100,000 xg supernatant, or cytosolic portion, of rat 
liver homogenates. Lindstedt et al. have also demonstrated the 
enzymatic conversion of y-butyrobetaine to carnitine in a rat liver

++microsomal system. The hydroxylation required molecular oxygen, Fe , 
and a-ketogluterate, and was stimulated by ascorbate (Lindstedt, 
Lindstedt and Tofft 1970; Lindstedt, Lindstedt and Nordin 1980).

Carnitine from e-N-Trimethyllysine <

Evidence for the biochemical origin of y-butyrobetaine was 

collected by several laboratories. Both Wolf and Berger (1961) and 
Bremer (1961) presented evidence that administration of [^^C-methyl]- 

methionine resulted in the formation of labeled carnitine. Horne and 

Broquist (1973) studied carnitine metabolism in Neurospbra crassa 
lysine auxotrophs grown in carnitine deficient medium, but supplied 
with labeled carnitine precursors. They showed that radioactivity from 
[6-"^C]-lysine and [4,5-^H]-lysine was incorporated into carnitine 
without significant dilution of specific activity, while radioactivity



from [1- C]-lysine and [2- C]-lysine was not significantly
incorporated into carnitine. They also traced the e-nitrogen atom of

15lysine labeled with [ N] and found that it became the nitrogen atom of 

carnitine. This incorporation was a small fraction of the total
3administered (0.1-0.2%). In other experiments9 however3 e-N-[CH^- H]~ 

trimethyllysine and Y-N-[CHg-^H]-trimethylaminobutyric acid (y-butyro- 

betaine) formed carnitine in high yield (10-20%)9 indicating synthesis 
of carnitine from these precursors. Studies in rats fed 20% wheat 
gluten diets for 1-3 months confirmed the results in Neurospora crassa 
(Tanphaichitr and Broquist 1973). These diets were limiting in lysine 
and contained no detectable carnitine, thus inviting de riovo synthesis 

of carnitine, if carnitine was indeed biochemically necessary. In the 

rat studies, labeled trimethyllysine administration resulted in 20-45% 
of administered radioactivity as carnitine per gram of skelelal muscle. 

Labeled carnitine was also detected in the urine. Cox and Hoppel 
(1973a, 1973b) soon confirmed these results, showing that lysine and 
methionine are involved in cafnitine biosynthesis, and that e-N-tri

methyllysine is an important intermediate.
Further confirmation came, in 1976 from Holchalter and Henderson, 

who found that when trimethyllysine is converted to carnitine, glycine 
is formed as a byproduct. With this and other information they had 

collected, they postulated the pathway for carnitine biosynthesis 
shown in Figure 1. This pathway'involves hydroxylation of trimethyl- _ 

lysine to S-hydroxy-e-N-trimethyllysine, aldol cleavage to form 
y-N-trimethylaminobutyraldehyde, and dehydrogenation to form



N̂CHgCHzCHgCHgCHNHgCOOH

c
CH^SCHgCHgCHNHgCOOH^

HSCHgCHgCHNHgCOOH

©
(CH5)3NCH2CH2CH2CH2CHNH2C00H

SL-n  i cn m o  + m  o 4— I 70 v o W CD>  C3 r* —I fx) c
m 533

5
m

0  OH
(CH3)5NCH2CH2CH2CHCHNH2'C00H

© \CH3 NH2 COOH (Gl y c i n e)

(CH3)3NCH2CH2CH2CHO

zNAD+

S aDH + H+

©(CH3)3NCH2CH2CH2C00H
3 , -n
go m T xsTO O
E ^ e  
m 5

g
s

©  OH 
(CH3)3NCH2LHCH2C00H

(L-Lysine)

(L-He t h i o n i n e)

(6-N-Tr i m e t h y l-Ly s i n e)

HYDROXYLASE

(6-Hy d r o x y-£-N-
Tr i m e t h y l-Ly s i n e)

ALDOLASE

(S’-H-TRI METHYL-Am IN0-
Bu t y r a l d e h y d e)

DEHYDROGENASE 

(s'-Buty r o b e t a ine)

HYDROXYLASE

(Ca r n i t i n e)

Figure 1. A Postulated Pathway of Carnitine Biosynthesis.



y-butyrobetaine„ Although others (Kaufman 1977; Hoppel9 Novak and Cox 
1976; Hoppel9 Cox and Novak 1980) have substantiated that 3-hydroxy-s- 
N-trimethyllysine is ah intermediate in carnitine formation9 no one to 

date has directly shewn evidence for the aldehyde as a precursor. 

Characterization of the trimethyllysine hydroxylase showed that it
- H -requires Fe 5 a-ketoglutarate, molecular oxygen9 and ascorbate, 

similar to the y-butyrobetaine hydroxylase (Henderson, Hulse and 
Henderson 1980). This is the pathway that is accepted today.

. In reference to the methylation step in this pathway, free 
methionine and lysine have been found to undergo synthesis to 
carnitine in Neurospora crassa; in fact, the methyl donor is S-adenosyl- 
methionine and the enzyme is S-adenosylmethionine: e-N-L-lysine 
methyltransferase, a single polypeptide chain of 22,000 daltons (Borum 

and Broquist 1977). However, no.enzymatic reaction for the methylation 

of free lysine in mammalian systems has been demonstrated (Broquist 

1980). Currently, the generally accepted pathway for mammalian 
carnitine biosynthesis is that lysine is methylated while protein bound 

(Paik and Kim 1975). The enzyme for this protein bound methylation has 
been identified as protein methylase III (Paik and Kim 1970).

Sources of s-N-Trimethyllysine
It has been known for some time that e-N-methylated forms of 

lysine exist in nature (Paik and Kim 1971). E-N-methyllysine occurs in 

flagellar proteins (Ambler and Rees 1959), and e-N-mono-, di-, and 
trimethyl derivatives of lysine in histones (Hempel, Lange and Birkofer 

1968; DeLange, Glazer and Smith 1969) and in actin (Wishing and Korn
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1970)„ e-N-mono- arid trimethyllysine have been found in adult rabbit 
skeletal myosin in a 1:2 ratio (Kuehl and Adelsteiri 1969) 9 while 
e-N-trimethyllysine is the only lysine derivative found in the cyto

chromes (DeLange et al. 1969) 9 and in bovine heart myosin and heavy 
meromyosin (Tada et al. 1969). In addition, e-N-mono-, di-9 and tri
methyllysine have been found in human urine (Kakimoto and Akazawa 1970).

Although the exact identity of the protein source of the 
e-N-trimethyllysine is still unknown, further proof that, at least in 
mammalian systems, carnitine is synthesized from protein-bound 
trimethyllysine was obtained by LaBadie, Dunn, and Aronson (1976). In 
their experiments, they administered s-N-[methyl-^C]-mono-, di-, and 

trimethyllysine derivatives of the desialylated glycoprotein fetuin.
In previous studies (LaBadie, Chapman and Aronson 1975) they had shown 

125that I-labeled asialo-fetuin rapidly accumulated in the liver when 

given i.v. and was then rapidly hydrolyzed and cleared from the liver.
In this new set of experiments in the rat, [methyl-^C]-carnitine was

Inefficiently synthesized from e-N-[methyl- C]-trimethyilysine-containing
asialo-fetuin, but not from e-N-mono- or dimethyllysine. They
concluded that lysine, which is metabolized to carnitine, must be
methylated while still part of a protein.

Isolation of the Enzymes Involved in 
Carnitine Biosynthesis

All the various enzymes in the carnitine pathway have been

purified and examined in detail (Henderson, Hulse and Henderson 1980;
Rebouche 1980). Rebouche studied the distribution of the carnitine



biosynthetic enzymes in human tissues and found that the aldolase 

seemed to be the least active of the gour enzymes involved in 
converting e-N-trimethyllysine to carnitine, although Rebouche qualified 
his work as only showing the presence of an enzyme and not as an 
absolute estimate of activity. The trimethyllysine hydroxylase was 
shown to be mitochondrial while the other three are cytosolic (Rebouche 

1980).

The Biochemical Function of Carnitine 

At the present time, the most important known function of 
carnitine is its role in fatty acid metabolism. The early work of 
Friedman and Fraenkel (1955), of Fritz (Fritz 1955; Fritz and Yue 1963), 
of Bremer (1962a,b, 1963), and later of Hoppel and Tomec (1972) showed 

that carnitine binds to fatty acids to facilitate transmitochondrial 
transport, a key step in the oxidation of fatty acids. Fritz (1961) 
and Bremer (1962b) demonstrated that acyl portions of added acyl- 
carnitines are readily.'oxidized by mitochondria, while acyl-CoA esters 
are not. It was subsequently established that acyl groups of long- 
chain fatty acyl-CoA esters are transferred to carnitine by means,of 
carnitine acyltransferase, displacing the CoA moieties (Bremer 1963).

In the early work with this enzyme it was established that more than 

one carnitine acyltransferase existed, and these enzymes were named 
according to the acyl group having the highest affinity for a 
particular transferase. Thus, the distinction was made between 
carnitine acetyltransferase, carnitine palmitoyltransferase, carnitine 
octanoyltransferase, et cetera (Bremer 1962a,b, 1963).
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In addition to these acyltransferases, Pande and Parvin (Pande 

1975, Pande and Parvin 1980a) have found in experiments with isolated 
heart mitochondria that acylcarnitine transport across the mitochondrial 

membrane requires a carnitine-acylcarnitine translocase (Figure 2) •

Once in the mitochondria, another group of carnitine acyltransferases 

that are separate and distinct from the extra-mitochondrial carnitine 
acyltransferases transfer CoA moieties back to the acyl groups, 
freeing the carnitine (Hoppel and Tomec 1972, Hoppel 1976)» The free 
carnitine can then move back across the mitochondrial membrane and be 
reused • The acyl-CoA molecules thus formed are subsequently oxidized «>
A schematic of carnitine fs role in long-chain fatty acid oxidation is 
shown in Figure 2. The two classes of acyltransf erases are typically 

designated I and II indicating outer- and inner-mitochondrial 

carnitine acyltransferase, respectively, and this notation will be used 
throughout this thesis. When not used, the idea being discussed refers 

to acyltransferases in general, both external and internal.

Carnitine Palmitoyltransferase Inhibition
2-Tetradecylglycidic acid (McNeil 3802) (TDGA) has been useful 

in studying the function of carnitine utilization by the cell.

Tutwiler and co-workers have found that TDGA effectively inhibits 
oxidation of long-chain fatty acids in liver and heart by inhibiting 
carnitine palmitoyltransferase I (Tutwiler and Dellevigne 1979; Pearce 

et al. 1979; Tutwiler and Ryzlak 1980). TDGA does not affect utiliza
tion of short or medium-chain acyl-CoA esters or any long-chain 
acylcarnitines already formed, as there is no known carrier for
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Ac y l-CoA CoA-SH

A C Y L C A R N I T I ECARNITINE Ca r n i t i n e
A c y l t r a n s f e r a s e

Ca r n i t i n e -
Ac y l c a r n i t i n e
T r a n s l o c a s e

In n e r
M i t o c h o n d r i a l
M e m b r a n e

Ca r n i t i n e
A c y l t r a n s f e r a s eCARNITINE

A c y l -Co A

>3-0xiD A T  I O N  - - - - - - - ► ATP

Figure 2. A Schematic of the Function of Carnitine and Related Enzymes 
in Fatty Acid Metabolism. —  (Idea from Pande 1975, Pande 
and Parvin 1980a).
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short- or medium-chain fatty acids. The inhibitory effect of TDGA may 
be related to its structural similarity to the long-chain fatty acid 
palmitate (Figure 3),

Bioassay for Carnitine, Acylcarnitines, 
and Carnitine Acyltransferases

Beginning in the early 1960s, various workers began to assay for

carnitine, acyicarnitines, and carnitine acyltransferases in various
tissues, , Marquis and Fritz (196.5) and Pearson et al. (Pearson and
Tubbs 1967, Pearson, Chase and Tubbs 1969) developed an assay for
measuring carnitine and acyicarnitines using the carnitine acyltrans-
ferase reaction. This assay measures the amount of radioactivity from

3 3the acetyl group.of H-acetyl-CoA that reacts to form H-acetylcarnitine.

Many laboratories have since improved on this method (Cederblad and
Lindstedt; Cox and Hoppel 1973a; McGarry and Foster 1976; Parvin and
Pande 1977) until it is now possible to determine free and esterfied
carnitine concentrations in biological samples with great precision and

sensitivity.

Carnitine and Acylcarnitine Concentrations 
in Various Organs

By far the largest concentration of the acyicarnitines occurs as

acetyl carnitine (30-50% of total carnitine) with approximately 5% of

the total carnitine pool occurring as long-chain acyicarnitines,
primarily palmitoyl-carnitine. The remainder (45-65%) of the
carnitine pool is free carnitine (Pearson and Tubbs 1967). It was
determined that heart has the highest concentration of carnitine of any
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major tissue in the body per gram wet weight (840 nmoles/gm wet weight) 
followed by skeletal muscle (600 nmoles/gm) 9 kidney (500 nmoles/gm), 
and liver (300 nmoles/gm). The epididymis (6200 nmoles/gm), testis 
(190 nmoles/gm), and brain (50 nmoles/gm) also contain appreicable 
levels of carnitine (Marquis and Fritz 1965; Pearson and Tubbs 1967). 
Carnitine also circulates in the blood; however, most tissues have a 
higher concentration than plasma (50 ymoles/1) (Cederblad and 
Lindstedt 1972; B^hmer, Rydning and Solberg 1974). Carnitine is also 

excreted in the urine (Brass and Hoppel 1978).

Inter-Organ Relationships and Carnitine 
Synthesis and Uptake

Along with the determination of carnitine levels in various

organs, laboratories began to examine the role of these organs in the
synthesis, uptake, and transport of carnitine. Studies on the

transport of radiolabeled carnitine injected in vivo showed highly
varying fluxes of carnitine into different organs (B$4timer and Molstad
1980). Haigler and Broquist (1974) and Cox and Hoppel (1974a,b) found
that y-butyrobetaine can be synthesized from lysine in most tissues,
but that the major capacity for hydroxylation of y-butyrobetaine is

present in the liver and only to a lesser extent in the testis. Carter
3and Frenkel (1979), using L-[methyl- H]-trimethyllysine, found that the 

initial conversion of e-N-trimethyllysine to y-butyrobetaine in rats 
occurs predominantly in the kidney and the liver converts this 
y-butyrobetaine to carnitine. In fact, they found that the kidneys fail 
to synthesize carnitine from y-butyrobetaine and the capacity to convert
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y-butyrobetaine to carnitine in the liver is greater than its capacity 
to convert s-N-trimethyllysine to y-butyrobetaine. However9 Rebouche 

and Engel (1980) have recently shown in studies on human tissue that 
liver9 brain9 kidney5 heart9 and skeletal muscle all convert 
e-N-trimethyllysine to y-butyrobetaine5 but that kidney and brain as 
well as liver can synthesize carnitine from y-butyrobetaine. Others 

have also demonstrated some y-butyrobetaine hydroxylation to 

carnitine in mammalian kidney (England and Carnicero 1978)« In 
recent enzymatic activity studies Rebouche (1980) found no activity in 
converting y-butyrobetaine to carnitine in human heart or skeletal 
muscle.

In light of all this evidence, Frenkel and Carter (1980) and 
Zaspel and Henderson (1979) have postulated the following inter-organ 
relationship for carnitine synthesis: e-N'-trimethyllysine released 

from various tissues is taken up preferentially by the kidneys where 
it is synthesized to y-butyrobetaine* This leaves the kidney and is 
transported in the blood to the liver for hydroxylation to carnitine. 

This scheme is not rigid; other organs participate in some or all of 
these steps.

Since most organs do not seem to have the ability to carry out 

the complete de novo synthesis of carnitine, organs that depend on 
fatty acid metabolism for energy must have carnitine uptake systems. 

This is especially important in the heart, which cannot convert 
y-butyrobetaine to carnitine, but yet derives most of its energy from 
fatty acid metabolism. Bohmer and Molstad (1980) and Bahl, Navin and



Brassier (1980) have demonstrated cardiac uptake systems for carnitine9 

confirming this theory» In addition, other organs, such as liver 
(Christiansen and Bremer 1976) and skeletal muscle (Rebouche 1977; 
Willner9 Ginsburg and Dimauro 1978) have also been shown to have 
carnitine uptake systems. It thus appears" that the major organs of 
carnitine systhesis are liver and kidney and that all organs except 
liver require mechanisms for uptake of carnitine since in the rat liver 
is the only organ capable of carrying out all steps in the carnitine 

biosynthetic pathway.

Carnitine Levels in Disease States
Certain disease states of conditions can alter carnitine levels 

in various organs, by affecting synthesis, uptake, or turnover, In 
diabetes, for example, liver carnitine concentrations are elevated 

three-fold (Pearson and Tubbs 1967), Total heart and skeletal muscle 
carnitine concentrations are not altered in diabetes in man. In 
alloxan-diabetic rats, sharp decreases in carnitine muscle concentration 

and in carnitine body pool size is observed (Cederblad, Lundholm and 
Schersten 1977) and in the heart of the diabetic rat, long-chain 
acylcarnitines are increased four-fold (Pearson and Tubbs 1967), In 
other conditions, dietary changes or starvation can significantly alter 
carnitine concentrations (Secombe, Hahn and Novak 1978; Brass and 
Hoppel 1978), as can pregnancy (Scholte, Stinis and Jennekens 1978;
Angelini et al, 1978). Additionally, hereditary conditions exist which 
exhibit low carnitine concentrations, and these conditions involve
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either the carnitine biosynthetic pathway, carnitine uptake and 
utilization, or carnitine turnover via urine loss (Mitchell 1978;
Chapoy et al. 1980),

Regulation of Carnitine Biosynthesis

Knowing what regulates carnitine biosynthesis .might lead to an
' ■:>explanation of the interaction between carnitine and disease states, and 

should also help to develop a better understanding of the role of 
carnitine. This project was undertaken in order to begin to elucidate 
the nature of this regulation.

As seen in Figure 4, almost any enzymatic step or steps in the 

biosynthetic and functional pathway involving carnitine may serve as a 
potential site of control. In addition, there are several key compounds 

in this pathway which could be the actual controlling entity for this 
(these) control site(s). In choosing which of these key molecules to 

study, we considered other metabolic pathways and how they are 

regulated. The end product of a metabolic pathway often serves as a 
point of feedback control for its own synthesis. Therefore, it seemed 
logical to examine the feedback effects of carnitine on carnitine bio

synthesis. Also, since the functional step involving the actual 
biochemical utilization of a compound may control the synthesis of that 
molecule by increasing or decreasing the rate of synthesis as the need 

for the molecule changes, the carnitine acyltransferase step in this 
sequence was examined; in particular, we examined both the activity of 
the enzyme itself and also the feedback potential of the product of



Figure 4. Basic Outline of the Biosynthesis and Function of Carnitine.

. Heavy arrows indicate steps of this biosynthesis that were examined 
as possible control points, and numbers indicate possible regulators 
which were studied as controlling these enzymatic steps. .
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this reaction, the acylcarnitine molecule. Since carnitine functions to 
facilitate 3-oxidation of fatty acids, 3-oxidation was also studied as 

a possible control point.
The model we developed for examining carnitine biosynthesis,

based on work of LaBadie et al. (1976), involves introducing a protein
14which has been modified with C-methyl groups on the e-N portion of 

that protein’s lysine residues. Because the exact protein source of 
the e-N-trimethyllysine which is metabolized to carnitine is not known, 

only certain enzymatic steps in the carnitine pathway could be 

examined as actual points where a molecule might exhibit its controlling 
effects. Two important control points, the methylation of the protein- 

bound lysine residues and the cleavage of the e-N-trimethyllysine from 

the protein could not be studied. Also, any other enzymatic step ‘ 
outside the steps converting e-N-trimethyllysine to carnitine could 

only be indirectly examined as control points. This includes the 
acyltransferase step, the acylcarnitine itself, and 3-oxidation, 

though we did study these reactions indirectly. Finally, effects of 

direct administration of labeled carnitine precursors were not examined 
using our model. All enzymatic steps in the conversion of e-N-tri- 
methyllysine to carnitine could be directly studied as a potential 

control point with our model.
Four experimental groups were used in this study to investigate 

the control of carnitine biosynthesis. Carnitine itself was given to - 
examine any feedback effects on its own synthesis. Administration of 

2-tetradecylglycidic acid (TDGA), an inhibitor of carnitine palmitoyl
transferase, was used to assess this enzyme’s effects on carnitine
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biogenesis• TDGA was also given in combination with a medium-chain 

triglycerides glyceryl trioctanoate^ to assess the effects of g-oxidation 
without interference from palmitoyltransferase. Glyceryl trioctanoate 

was given because med ium-cha in triglycerides can undergo g-oxidation 
without the help of carnitine palmitoyltransferase. Finally, combining 
carnitine and TDGA helped give indirect evidence for the contribution 
of palmitoyl-carnitine on the control of carnitine biosynthesis. As 
liver is capable of carrying out all biosynthetic steps converting 
e-N-trimethyllysine to carnitine, we focused our attention on this 
organ. However, other organs were also examined.

In addition to developing a model with which the control of 
carnitine biosynthesis can be examined, the results of this study give 

evidence to support the theory that the rate limiting step in the 
biosynthesis of carnitine is the Conversion of g-hydroxy-e-N- 
trimethyllysine to y-N-trimethylaminobutyroaldehyde. Also, these 

results suggest that cellular L-carnitine concentration may not 

directly regulate carnitine biosynthesis.



CHAPTER 2

METHODS 

Synthetic Methods

14Synthesis of [ C~tr±[nethyllysine]asialo-fetiiin
The lysine residues of fetuin were methylated9 and the protein

desialylated, using a modified procedure of Means and Feeny (1968) and
LaBadie et al. (1976), and is outlined in Figure 5. To prepare mono-

and dimethyllysine-containing protein, 10 mg sodium borohydride was
added to each 20 ml of borate buffer (pH 9.0) containing 100 mg fetuin

14(Sigma) at 4°C. To this solution, while stirring, C-labeled (H-*CH0) 
and unlabeled 37% formaldehyde (ECHO) were added as follows to give a 
total of 250 pCi and 50 yl unlabeled 37% formaldehyde, per 100 mg < 
protein (^C-formaldehyde was obtained from New England Nuclear, 1% 

aqueous solution, 10 mCi/mmol):

1 yl ECHO
1 min

10 yl H-ICH0
5 min

20 yl H-*CHQ *
■ +

10 yl ECHO

5 min 
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49 pi H-*CHO
! +

10 yl HCHO
5 min 

10 yl HCHO 
| 5 min

10 yl HCHO
5 min 

10 yl HCHO
15 min . 

stop reaction

The resulting solution was neutralized and concentrated by ultra

filtration. This and subsequent ultraf iltrat ions were accomplished by 
means of immersible CX-30 ultrafiltration units (Millipore Corp., 
Bedford, MA) attached to a vacuum source through a trap; all ultra- 

filtrations were done at 4°C.
To trimethylate the lysine residues on the protein, the 

concentrated mono- and dimethyllysine-labeled fetuin was transferred 

to a round bottom flask, and for each 100 mg of protein 35 ml of 1% 

(w/v) NaCl, 200 ml methanol, and 50 ml of methyl iodide was added.
This solution was brought to pH 10 with NaOH-saturated methanol and 
refluxed gently for 18 hr, keeping the pH between 9 and 11. After 
removing the organic solvents under reduced pressure, the resulting 
acidic solution was neutralized with NaOH and purified by ultra

filtration, adding 1 liter of deionized, distilled water in 250 ml
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aliquots.and ultrafiltering the solution to under 50 ml before adding 
the subsequent aliquot of water. This solution was concentrated to 

approximately 5 ml and desialylated (removal of 75-80% of total sialic 

acid) with insoluble neuraminidase (Sigma Chemical Co., St. Louis, MO) 
for 22 hr at 37°C9 in a 50 mM sodium acetate buffer (pH 4.7) 9 at a 
substrate concentration of 1 mg protein/ml9 with constant stirring.
After again concentrating to approximately 5 ml by ultrafiltration, 
the resulting specific activity was determined using Coomassie Brilliant 
Blue G-250 and liquid scintillation counting (see below). Purity was 
measured with a spectrophotometric scan on a Beckman Acta G U I  

Spectrophotometer, and specificity of methylation of the hydrolyzed 
protein was measured by HPLC (HPLC, protein determination, and liquid 

scintillation counting conditions are described elsewhere in this 
chapter). Nearly all (>90%) radioactive and UV-absorbing components 
eluted in a single coincident peak on the HPLC, and this radioactive 
material eluted in the same fraction as s-N-trimethyllysine standard.

Synthesis of 4-trimethylaminobutyric 
acid (y-butyrobetaine)

y-Butyrobetaine, used as a standard in some experiments, was 

synthesized according to the method of Hoppel (Personal Communication, 

1980; Cox and Hoppel 1973b) arid is outlined in Figure 6.
In a 250 ml round bottom flask, 15.8 gm barium hydroxide 

[Ba(0H)2*8H20], 1.23 gm 4-aminobutyric acid (12 mMoles), 6 ml boiled ......

and cooled deionized, distilled water, 24 ml methanol, and 7.5 ml 
methyl iodide (Mel) were combined. The mixture was tightly stoppered
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OH 
r

H2 N-CH 2 -CH-CH 2 -COOH f-AMINOBUTYRIC.AciD
(GABA)

Ba(0H)2,8H20, Boiled H20y MeOH, CH3I 
—  25°C, 20 hr

©(CH5)3-N-CH2-CH-CH2-C00H ^-Trimethylaminobutyric Acid
(r-BUTYROBETAINE)

Figure 6. Synthesis of Y-Irimethylaminobutyric acid (y-Butyrobetaine) 
from y-Aminobutyric Acid (GABA).



26
and stirred at room temperature for 20 hr* The solution was then 
filtered^ the filter washed twice with 5 ml methanol9 and the filtrate 
evaporated to near dryness* Five ml of hot water was added to the 
concentrated solution to affect transfer to a centrifuge tube; the 

flask was rinsed with another 5 ml of water and this was also added to 
the tube9 as was 5 ml of 10 M H^SO^ (while solution was on ice) * The 
reaction mixture was then centrifuged to remove BaSO^, the pellet 
resuspended in 20 ml water, re-centrifuged, and the two supernatant 
layers combined* Both centrifugations were done in a Sorvall Super
speed RC2-B Automatic Refrigerated Centrifuge (Ivan Sorvall Inc*, 

Newtown, CN), at SOOOxg for 5 min* The supernatants were neutralized 
with saturated NaOH and put over a 2x30 cm anion exchange column of 

AG1-X8 (200-400 mesh, OH form [Bio-Rad Laboratories, Richmond, CA]), 
eluted with 200 ml H^O, and 10 ml fractions collected* The fractions 

containing the quaternary amine were identified by 1% reinecke salt 
precipitation with acidification, and were pooled,(fractions 9-27)* The 
pooled fractions were neutralized with concentrated HC1 and evaporated 
to dryness under reduced pressure* The residue was extracted five, 
times with 20 ml each of hot 100% ethanol, each extract filtered, and 
the pooled extracts evaporated to dryness* This residue was dissolved

in 5 ml of water and put over a 2x30 cm cation exchange column of
+AG50-X8 (200-400 mesh, H form [Bio-Rad].), eluted with 200 ml 4N HC1, 

and 10 ml fractions collected. The fractions containing the quaternary 
amine were again identified by 1% reinecke salt precipitation and 

pooled (fractions 3-10)« The pooled fractions were evaporated to
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dryness over boiling water3 extracted three times with 50 ml each of 

dry acetones re-evaporated9 and crystallized at 4°C in 25 ml ethanol 

with enough acetone added to precipitate crystallization (<2 ml 
acetone) o The 350 mg of white crystalline powder thus formed was 
determined to be pure y-butyrobetaine by NMR in D^O, [(3,46 t(2)9 

3.16 s(9)s 2.56 t(2), 2.16 m(2)].

Synthesis of a-N-acetyl-e-N-[^C3-trimethyllysine

This compound was used as a standard in some experiments. The
scheme for this synthesis is shown in Figure 7.

14The e-N-[ C ] -trimethyllysine fractions from an eluted liver 

sample of an animal treated with asialo-fetuin (see below) were pooled 
and evaporated to dryness in a round bottom flask under reduced 
pressure. To this residue 5 ml of acetic anhydride9 1 ml of 
pyridine, and 1 ml of toluene was added and the solution refluxed for 

4 hours at 87°C. The reaction mixture was evaporated to dryness, 

dissolved in 1 N HCl, and put on a AG50-X8 column similar to that used 

for the biological samples (both animal treatment and the column
system are described elsewhere in this chapter). Two major radioactive

- 14peaks appeared. One peak was present at the same location as e-N-[ €]-
tr imethyllysine (250-290 ml) and was assumed to be unreacted starting

material. A second peak was present between 190 and 240 ml rand was
considered to be a-N-acetyl-6-N-[^C]-Ttrimethyllysine.
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*CH:
©H3C-|1 -CH2-CH2-CH2-CH2-CHNH2COOH

CH:

CH: 
1 ©

E-N-p-̂ cJ-lRIMETHYLLYSINE

A c e t i c  An h y d r i d e  ̂ Py r i d i n e , T o l u e n e  

Re f l u x  4 h r , 8 7 ° C

CH? 
1 5
0 = 0ĤC-N -CH2”CH2“CH2"CH2“'CHNHC00H ■

CH3 ©C-N-AcETYL-£-N- p-^C]-TR IMETHYLLYSI NE

14Figure 7, Synthesis of a-N-Acetyl-s-N-[ C]-Trimethyllysine from 
e-N-[1^C]-Tr imethyllys ine.
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Compounds Used in Experiments 
That Were Not Synthesized

Various materials used as standards throughout the course of
this study were either commercially available or were donated by other
. laboratorieso Carnitine9 tragacanth gum9 and glyceryl trioctanoate

3were obtained from Sigma Chemical Co* 9 and H-DL-C a m i  tine from 

Amersham Corp. (Arlington Heights, XL); e-N-Trimethyl-L-Lysine9 
bis (p-hydroxyazobenzene-p*-sulfonate) was purchased from Calbiochem- 
Behring Corp. (San Diego, CA). 3-Hydroxy-e-N-trimethyllysine was a 

generous gift from the laboratory of Dr. Harry Broquist, and 2-tetra- 
decylglycidic acid was provided gratis by McNeil Laboratories (Ft. 

Washington, PA).

Miscellaneous Analytical Methods

Derivatizing Reagent Used for 
Identification of a-Amino Acids

Since the concentrations of compounds used in this project
often were below the sensitivity 6f direct identification (<1 nM), a

method was sought to identify a-amino acids* The technique chosen
involves derivatizing with o-phthalaldehyde (OPA) and visualizing the

product fluorometricly (Stuart et al. 1970; Larsen, Grosso and Chang

1980).
The derivatizing reagent consisted of dissolving 15 mg OPA in 

50 ml acetonitrile and adding 50 ml deionized, distilled water. One ml 
of 0.5 M borate buffer, pH 10.4, was added to this solution, followed 
by 15 yl of ethane thiol (Aldrich Chemical Co., Milwaukee, WI) .
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To detect the compound of interests a 1:1 mixture of the 

compound of interest and the OPA reagent was allowed to react for 1,0 
minute. At this time, the fluorescent illumination of the derivative 

was visualized using an Aminco Filter Fluorometer Analyzer (American 
Instrument Co o, Silver Springs, Maryland, Model //J4-7461) with a 2 mm 

I,D,, 70 1 suprasil quartz flow cell with appropriate filters
(ex = 360 nm; em = 455 nm),

HPLC Analysis
There were two instances during the course of this project that

HPLC analysis of amino acids was employed, It was used in examining
the extent of trimethylation of the lysine residues on the fetuin 
protein, and in the identification of some of the peaks eluted in the 
separation of carnitine derivatives from biological samples. This 
modified method of Larsen and West (in press) involves precolumn 
derivatization with OPA to visualize the amino acid peaks.

Samples containing protein which were to be analyzed by this 
method were first hydrolyzed in distilled, concentrated HC1 
(approximately 6 N after distillation) overnight at 90°C, and 

neutralized; samples containing only free amino acids and no protein 

were not hydrolyzed. All samples were combined with OPA reagent as 
described above and then injected on the HPLC.

The HPLC system used in this project consisted of the following: 

a Spectra Physics model no. SP8000-BFBC HPLC with a 3,9 mm I.D. x 30 cm, 
lOp yBondapak ODS column (Waters Associates, Inc., Milford, MA, part 

no. 27324) and attached fluorescent detector as described above. All
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chromatographic runs were done at 40°C using a solvent flow rate of 

2 ml/min». A precolumn (0.39 x 2 cm) (Waters* part no. 84550) packed 
with Corosil C^g (Waters) was in line during all chromatographic runs.

The solvent system consisted of two solvents. Solvent A was 
prepared by adding 1.070 gm (1.035 ml) of glacial acetic acid to 950 ml 
water* then titrating to pH 7.5 with 2.71 ml triethylamine* 97% by 
weight. The solution was brought to a volume of 1.0 1 with water.
Solvent B was acetonitrile. The column was equilibrated for a minimum 

of 10 min using 100% Solvent A. Immediately after injection of the OPA- 
amino acid reaction mixture a gradient was begun. A linear increase of 

1% per minute for Solvent B was continued for 38 minutes at which time 
the rate of change was increased to 3% per minute until a maximum of 
70% Solvent B had been reached. Injection of e-N-trimethyl-L-lysine 
standard resulted in a single peak at 26.4 min; injection of the 

hydrolyzed asialo-fetuin, collection of effluent at two minute intervals* 

and analysis by liquid scintillation counting (see below) revealed that 
almost all radioactivity (>95%). appeared between 26 and 28 min. This 
confirmed the specificity of labeling. A description of the chromato
graphic pattern of the samples used in peak identification can be found 
in the appropriate section of this thesis.

Determination of Protein Concentration Using 
Coomassie Brilliant Blue G-250 Binding

Bradford (1976) originally described a rapid and sensitive 

method for the quantification of microgram quantities of protein* using 
Coomassie Brilliant Blue G-250 binding to the protein. In some
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experiments in this project5 where it was necessary to determine protein 
concentration^ this method has been employed9 in modified form.

The Coomassie reagent was. prepared by dissolving 100 mg of 
Coomassie Brilliant Blue G-250 (Sigma) in 50 ml of 95% ethanol, 
Phosphoric acid (100 ml of 85% w/v) was added to this solution, and the 

mixture brought to a final vilume of 1,0 1, Upon filtering with 
Whatman No, 4 paper, the reagent was ready for use. The reagent was 

stable for up to four months,
To determine protein concentrations in unknowns, 0,1 ml of 

unknown containing 10-50 yg of protein was pipetted into 12x100 mm 
test tubes. Five ml of Coomassie reagent was added to the tubes and the 
contents vortexed. The absorbance at 595 nm was measured after 10 min 
and before one hour in cuvettes on a Beckman Acta CIII spectrophotometer 

against a blank containing 0.1 ml of buffer and 5 ml of Coomassie 
reagent. Protein concentration was determined by reference to a 

standard curve, prepared by measuring the absorbance of 30 yg of bovine 
serum albumin (BSA) (Sigma) or fetuin (Sigma) as appropriate; BSA was 
used in all protein determinations not involving fetuin or its 
derivatives as described in this thesis. Since the standard curve of 
protein concentration versus optical density was repeatedly found to be 

linear between 10 and 50 yg protein, with the y-intercept being zero, 
only one protein concentration (30 yg/.l ml) was typically used when 
performing the assay.

i
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Liquid Scintillation Counting
All liquid scintillation counting (LSC) performed during the

course of this project was done on a Beckman LS7500 Liquid Scintillation

counter with DPM packages using a fluor consisting of 12 g omnifluor
(New England Nuclear, Boston, MA), 1 1  Triton X-100, 2 1 toluene, and
250 ml deionized, distilled water. Volume of fluor used per sample is
indicated where appropriate» To decrease interference caused by

14chemiluminescence, C-containing samples were counted using a narrow
3window (397-655); H-containing samples were left in the dark for at

3 1least one hour before counting ( H window: 0-397) „

Carnitine Assay

A direct assay for total and non-acylated (free) carnitine was 

performed in some experiments using a modified method of Parvin and 
Pande (Parvin and Pande 1977; Pande and Paryin 1980b) • Rats were 
sacrificed by decapitation* Liver and heart were removed. Immediately 

clamped between square-tipped aluminum tongs which had equilibrated in a 
dry ice/acetone mixture, and placed in liquid nitrogen* The frozen 
tissue was weighed and pulverized, and tissue homogenates were made 

with 100% ethanol (1 gm: 50 ml) using a Brinkmann Polytron (Luzern, 
Switzerland) at setting 7 for 60 sec.

Preparation of Tissue for 
Total Carnitine Assay

While stirring, aliquots were removed in triplicate from each
sample, transferred to 1*5 ml microfuge tubes (West Coast Scientific,

Inc., Berkeley, CA, Catalogue no* 2075) and evaporated to dryness under
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a nitrogen stream; 50 \xl of each sample was used to assay for 
carnitine in the liver, while 30 yl of each sample was used in heart 
specimens* Each tube was reconstituted in 50 yl of deionized, distilled 
water and 50 yl of 0.75 N KOH added. After vortexing, tubes were, 
incubated at 37°C for 20 min to hydrolyze acylcarnitines. Following 
hydrolysis, 50 yl of 0.75 N H^PO^ was added to neutralize the samples, 

the tubes were vortexed, and assayed for carnitine as described below.

Preparation of Tissue for 
Free Carnitine Assay

Single aliquots of 100 yl from each sample were removed while
stirring and placed in micrbfuge tubes containing 40 mg charcoal
Norit A and 90 yl of 26% trichloroacetic acid (TCA). Tubes were
incubated at 4°C for 30 min (vortexing at 10 min intervals), centrifuged,

and 100 yl aliquots of liver or 50 yl aliquots of heart supernatant

placed in triplicate into clean microfuge tubes. Ethanol was evaporated
from the tubes under a nitrogen stream, the tubes were frozen, and
placed in a lyophilizer overnight to remove the TCA. Each tube was

resuspended in 50 yl of deionized, distilled water, and 100 yl of a
1:1 mixture of 0.75 N KOH and 0.75 N HoP0, added. All tubes were3 4
vortexed and then assayed for carnitine as described below.

Carnitine Assay

Along with a standard curve, all samples (for free and total
carnitine) were assayed together. To each tube was added: 20 yl of a
3H-acetyl-CoA solution containing 1 nmole of acetyl-CoA and approximately

380,000 DPM ( H-acetyl-CoA from International Chemical and Nuclear Corp.,



Cleveland9 Ohio; acetyl-CoA from Sigma)9 25 vil of 0»5 mM N-ethyl 
maleimide (Sigma)9 and 4 ial (0.76 units) of carnitine acetyltransferase 

(EC 2.3.1.7) (Sigma, catalogue no. C-8757). Tubes were vortexed and 
incubated at 37°C for 60 min, during which time the following reaction 

occurs:
carnitine

Carnitine + 3H-acetyl-CoA ^ t ^ trangferase^

3H-acetyl-carnitine + Co A

After incubation, 0.85 ml of a slurry containing 1 gm resin (AG1-X8,
200-400 mesh. Cl form [Bio-Rad]): 2- ml deionized, distilled water was

3added to each tube to remove unreacted H-acetyl-CoA. Samples were 
vortexed, incubated at 40C for 30 min (vortexing at 10 min intervals), 
centrifuged, 0.3 ml of the resulting supernatants placed in liquid 
scintillation counting vials, and counted as described above. Carnitine 

concentration was calculated for each sample from the standard curve 

and expressed either as nmoles carnitine/gm wet weight or as nmoles 
carnitine/mg protein. Protein concentrations were determined by the 
Coomassie Brilliant Blue G-250 method as described above.

Treatment of Animals and Analysis of Tissues 
The biosynthesis of carnitine in the rat was studied by 

following the metabolism of ^C-labeled methyl groups on the e-N-amino 
fraction of the lysing residues of the glycoprotein asialo-fetuin. This

50,000 dalton protein, which contains four lysine residues, has been
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described and the amino acid composition determined (Sober 1970)* The 
lysine residues were trimethylated and labeled,, and the protein 
desialylated, using a modified method originally described by LaBadie 
et al. (1976). This synthesis is fully described in another section of 
this chapter. Male Sprague-Dawley rats, 200-225 gm, obtained from the 
University of Arizona Small Animal Facility, Tucson, Arizona, were 

fasted for 24 hours prior to treatment, and were administered various 

compounds by introducing a 18 g x 2" intubation needle, with a 24 mm 
ball diameter (Popper and Sons, Inc., New Hyde Park, NJ), on a 1 cc 
disposable syringe, into the esophagus. Following, these treatments 

(see Results chapter), rats were anesthetized using diethyl ether and 
were intravenously administered asialo-fetuin (2 mg protein, 10^ DPM) 
through the lateral tail vein. Two hours subsequent to this injection, 
rats were anesthetized with Inovar-Vet (Pitman-Moore, Inc., Washington 

Crossing,NJ), 0.1 cc/200 gm body weight, and blood removed by cardiac 

puncture for analysis. Animals were sacrificed by exposing the thoracic 
cavity. The heart, liver, kidneys and vastus lateralis muscle from the 

right hind limb were removed and frozen for future analysis. The 
gastrointestinal tract, urinary bladder, feet, tail, and head and skin 
were removed from the animal, while the carcass was frozen and stored 
(the spleen was left with the carcass). A 0.1 cc blood sample was 
hydrolyzed with 0.3 ml of 2 N NaOH at 37°C for 30 min to solubilize all 
components; the blood was then acidified with 0.3 ml of .6 N HC1 and 
treated with 0.3 ml of hydrogen peroxide at 37°C for 1 hour to remove 

the color. Samples were counted in a liquid scintillation counter
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(described elsewhere in this chapter)„ Blood was counted to examine 
total circulating radioactivity and to insure that the label had been 
properly administered.

Preparation of Tissues for Analysis
Approximately 0,7 gm of liver was homogenized in 100% ethanol 

(1 gm:50 ml) on a Brinkmann Polytron at setting 7 for 60 sec and 
sonicated on a Branson Sonifier Cell Disrupter Model 200 (Branson 
Ultrasonics Corp,, Danbury, CT), The homogenate was centrifuged at 
50xg for 10 min on an International Centrifuge Model K (International 
Equipment Co,, Needham Heights, MA) and 10 ml of the supernatant 
transferred to a clean test tube. Repeated extraction of the pellet 

revealed no additional extractable radioactivity. This material was 
evaporated to near dryness under a stream of nitrogen, transferred to 
a 1.5 ml microfuge tube, and evaporated to dryness. The dried residue 

was treated with 0.3 ml of 0.75 N KOH (at 37°C for 20 min) to hydrolyze 
acylcarnitines (see Carnitine Assay,-above) and neutralized with 0.75 N 
HC1. This hydrolysis, while vigorous enough to hydrolyze or degrade 

protein fragments or amino acid side-chains. After thorough vortexing, 
the sample was centrifuged (Beckman Microfuge B, Beckman Instruments, Inc., 
Palo Alto, CA), the supernatant transferred to a clean microfuge tube, 
and a small aliquot removed for counting.

Using a modified method of Cox and Hoppel (1973b), this material 
was applied to a column (1x50 cm) of resin AG1-X8, 200-400 mesh, B 
precursors eluted in 3 ml fractions with a gradient of 1 M to 4 M HC1 
(300 ml total volume, 150 ml of 1 M and 150 ml of 4M) . A 0.75 ml
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sample of each fraction was transferred to a liquid scintillation 
counting vial and counted directly in 17 ml of fluor as described 

below. Total DPM applied to each column were calculated from the 

aliquot removed immediately before eluting and the proportion of the 
various carnitine derivatives in each sample calculated as % of total 
radioactivity applied to the column per sample. A typical elution 
pattern is shown in Figure 8. The identity of each peak was determined 
as described below.

Kidney samples were treated similarly to liver samples9 except 
that 1 gm of kidney was homogenized with 25 ml of 100% ethanol for 
each sample analyzed. Also, 15 ml of the homogenate supernatant was 
evaporated down to use in the analysis as opposed to 10 ml for the 
livers.

Skeletal muscle was examined for carnitine biosynthesis as 
follows: 15 gm of muscle was trimmed from the limbs and back of the rat

carcasses and minced with a razor blade. The minced material was 
transferred to a beaker and 100 ml of 100% ethanol was added. The 

mixture was homogenized, sonicated, centrifuged and the entire super
natant evaporated to dryness and treated as described above. Repeated 

extraction of the pellet revealed no additional extractable radiolabeled 
compounds.



Figure 8. A Typical Elution Pattern from Livers of Rats Treated with. 
1 0 6  DPM (2 mg) Asialo-Fetuin.

Animals were sacrificed two hours subsequent to administration of 
asialo-fetuin. Animals were treated, and tissue samples prepared as 
described in the text«

Explanation of symbols used in figures:
' - ■ . *Carnitine = g-hydroxy-trimethylaminobutyric acid

y-BB = y-butyrobetaine (trimethylaminobutyric acid)
OH-TML = g-hydroxy-e-N-trimethyllysine
TML = e-N-trimethyllysine
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CHAPTER 3

' RESULTS
. - ;

Definition of a Model for Examining the 
Control of Carnitine Biosynthesis

Identification of Peaks from 
Cation Exchange Chromatography

In developing our model5 a method for separation of carnitine 
and carnitine precursors was necessary, A technique has been described 
by Cox and Hoppel (1973b) and by Frenkel and Carter (1980)9 involving 
ion exchange separation of these compounds. To confirm this separation 
technique, various standards were eluted through an ion exchange system 
similar to that in the literature (see Methods chapter). All standards 

described below were synthesized or obtained as described in the Methods
3chapter. In our system, H-carnitine standard, detected using liquid 

scintillation counting, eluted between 120 and 140 ml, y-butyrobetaine, 
detected using 1% reinecke salt precipitation, eluted between 160 and 
190 ml, B-hydroxy-e-N-trimethyllysine eluted between 195 and 240 ml, and 
e-N-trimethyllysine eluted between 250 and 290 ml (both trimethyllysine 

compounds were detected using o-phthalaldehyde reagent (see Methods 

chapter for all detection techniques).

Since a-acetyl-e-N-trimethyllysine has also been reported to be 
a byproduct of e-N-trimethyllysine metabolism in the rat (Hoppel et al. 
1976; Hoppel et al 1980), this compound was examined for its behavior in

40
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the ion exchange system. This compound eluted at the same elution 
volume as g-hydroxy-s-N-trimethyllysine, between 195 and 240 ml. To 
determine which was the primary compound in biological samples> the 
pooled fractions from the third peak in a biological sample, which 
eluted-[between 195 and 240 ml, were hydrolyzed overnight at 90°C in 

6 N HCT and re-eluted through an ion exchange column. Since there was 

no change in elution volume upon re-eluting, attempted hydrolysis of 
this compound was considered unsuccessful. Similar treatment of 
g-hydroxy-e-K-trimethy 1 lysine did not cause degradation; however, it 

was possible to hydrolyze a N-acetyl amino acid, E-acetyl-DL-alanine 
under these same conditions. Because the third biological peak and the 
g-hydroxy-e-N-trimethyllysine standard behaved the same in the attempted 
hydrolysis and subsequent column chromatography, it was concluded that 

the third biological peak was g-hydroxy-e-E-trimethyllysine. (See 
Figure 8 for an example of a typical elution pattern.)

The conclusions concerning identity of peaks and elution 
volumes are consistent with conclusions by other laboratories using 
similar chromatography conditions, as referenced above.

Development of an in vivo Model

Having a chromatography system with which to assess relative 
concentrations of carnitine and carnitine precursors, the model in 
which the biosynthesis experiments would be carried out could now be 
developed. LaBadie et al. (1975, 1976) found that labeled asialo- 
fetuin, administered intravenously, rapidly accumulated in rat liver and 
was subsequently hydrolyzed, producing free amino acids, including
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jLA-e-N-[methyl- C]- trimethyllysineo Carnitine was the major radioactive 

metabolite detected in extracts of rat carcass and liver9 with at least 
34*6% of the trimethyllysine in the administered protein".being converted 

into carnitine within 3 hours „
14Using this system, e-N-[methyl- C] -trimethyllysine-labeled 

asialo-fetuin was synthesized and injected into three rats as described 
in the Methods chapter; one rat was sacrificed at one hour, one at two 
hours, and one at three hours* Samples of liver, kidney, and heart were 
removed, radioactive material extracted as described in the Methods 

chapter, and analyzed for percent of total administered radioactivity in 

each organ; these results appear in Figure 9• At all three timepoints, 
heart had less than 0*5% of the total injected radioactivity. Kidney 
activity increased from 2% to 3.5% to 5% for one, two, and three hours, 
respectively. Liver activity was always greater than the other two 
organs, increasing from 12.5% to 22% to 28% of the total injected radio- 
activity at one, two, and three hours after injection, respectively.

Liver and kidney samples were eluted on the ion exchange system 
described in the Methods chapter; these results appear in Figures 10 and 
11, respectively, for liver and kidney. • In both organs, the order of 
elution was: carnitine (90-130 ml), y-butyrobetaine (135-180 ml),

g-hydroxy-c-N-trimethyllysine (190-210 ml), e-N-trimethyllysine (250- 
285 ml). In liver, there was no $-hydroxy-e-N-trimethyllysine detected 

after one hour. The highest activity in liver was at two hours, with 
approximately 40% of the eluted activity as carnitine, 25% as \
y-butyrobetaine, 7% as g-hydroxy-e-N-trimetbyllysine, and 17% as



Figure 9* Percent of Total Administered Radioactivity in Organs of 
Rats Administered 10^ DPM Asialo~Fetuin«

Animals were sacrificed subsequent to asialo-fetuin administration 
at the times indicated.
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Figure 10. Cation Exchange Chromatographic Elution Patterns, at 
Various Times after Injection, from Livers of Rats 
Administered 10& DPM Asialo-Fetuin«

For explanation of symbols see Figure 8.
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Figure 11. Cation Exchange Chromatographic Elution Patterns9 at 
Various Times after Injection, from Kidneys of Rats 
Administered 10^ DPM Asialo-Fetuin.
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e-N-tr'imethyllysineIn kidney, €-N-trimethyllysine was only detected 
at one hour (4% of total eluted activity) and g-hydroxy-e-N-trlmethyl-
lysine was only detected at three hours (5%)» As in liver^ the

, ■ ; /
highest activity of carnitine (25%) and g-butyrobetaine (15%) was 
detected at two hours after injection»

Investigation of Non-elutable and Nbn~extfactable 
Material from Biological Samples

In analyzing the timecourse data, it became apparent that not
all the ethanol-extracted material from the liver and kidney samples
passed through the ion-exchange column; even 6 N HG1 could not elute
this material» The percentage of the total extractable radioactivity
that did not pass through the column seemed to be greater at the
earlier time points.

Since the one hour time point contained the largest, amount of
this material, a liver sample was hydrolyzed with distilled HC1
(approximately 6 N after distillation) at 90°C overnight, before

eluting it on the ion exchange column. This sample was compared to a

non-hydrolyzed sample from the same liver; the results are shown in
Figure 12. This "non-elutable" material readily passed through the

column upon hydrolysis of the sample, eluting in two places, just prior
to carnitine at 75 ml, and at the same elution volume as trimethyllysine.
It was assumed that this material was small protein fragments that had
not yet been completely degraded to individual amino acids. Upon

hydrolysis, the protein was broken down into free amino acids, which
passed freely through the column. Most of the radioactivity (>70%) was



Figure 12. Percent of Total DPM in Liver Eluted in Various Peaks One 
Hour after Administration of 10^ DPM Asialo-Fetuin, before 
and after Hydrolysis of Tissue.
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labeled trimethyllysine, while some presumably was another amino acid 
that was inadvertently labeled during the methylation procedure.

In addition to this "non-elutable" material, there was an 

appreciable amount of radioactivity ( 30%) that would not extract into 
ethanol9 even with repeated extraction of the pellet. Upon hydrolysis 
of a slice of liver9 under the same conditions described above, all this 

radioactivity was extracted into ethanol. This radioactivity was 
presumed to be larger protein fragments than those that were extractable 
but not elutable, and neither of these problems were considered 

further.

Summary of Timecdurse Experiments
Several conclusions from the above experiments permitted the 

final two elements of the model to be selected. First, it was deter
mined that liver was the most appropriate organ in which to examine the 

control of carnitine biosynthesis in the rat, because:
1. liver is the primary target tissue of the asialo-fetuin,
2. at any of the three timepoints, liver contained the highest

radioactivity of any organ examined, and
3. in the rat, the only organ capable of carrying out all the .

steps in carnitine biosynthesis is the liver.
Second, it was determined that two hours should, elapse between the 

administration of the asialo-fetuin and sacrifice of the animals 

because:
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lo at one hours there was no detectable g-hydroxy-e-N-trimethyl- 

lysine (OH-TML) in the liver5 and
2, by three hours9 the pool of e-N-trimethyllysine (TML) was 

depleted such that maximum rates of substrate conversion to 
carnitine could not be assessed,

3, At two hours9 appreciable amounts of both OH-TML and TML were 

present in tlie livers of the rats studied.
With the model defined9 the control of carnitine biosynthesis in 

the rat could now be explored.

Carnitine Biosynthesis in Untreated Rats 

Before examining the effects of carnitine biosynthesis with 
various treatmentSj a group of four control animals was treated with 
labeled asialo-fetuin as described in Chapter 2, and sacrificed two 
hours after injection. In addition to analyzing livers for incorporation 
of label into the various carnitine precursors (Figure 13)9 samples of 
blood) brain, and skeletal muscle were hydrolyzed at 50°C for one hour 
in 6 N HC1 and counted in order to determine the incorporation of label 
in each of these organs. Urinary bladders from two of the animals were 
also examined for radioactivity to determine the extent of excretion of 

label in the urine (Table 1). Brain, containing so little radioactivity 
(Table 1), was not saved or analyzed in future experiments. Due to 
high activity and varying volumes of urine in the bladders, this organ 
was removed from carcasses in future experiments (all carcasses were 
saved for future analysis). The variation in activity in various organs



Figure 13. Carnitine Biosynthesis in Untreated (Control) Rats,
Rats were sacrificed two hours after administration of 10^ DEM 

asialo-fetuin, and liver samples were prepared, as described in the 
Methods chapter.
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Table 1. Activity of Tissues from Rats Sacrificed Two Hours Subsequent 
to Administration of 1Q6 DPM of Labeled Asialo-Fetuin* — - 
Tissues were processed as described in text.

Animal
Number

Blood 
(DPM/ml)

Brain 
(DPM/total organ)

Skeletal Muscle 
(DPM/gm)

Urinary Bladder 
(DPM/total organ)

1 3880 322 844 6401
2 3465 201 753 i
3 : 2360 * 1158 t
4 1546 * 1287 6629

No radioactivity was detected in these organs. 
Specific activity was not determined in these organs.
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from animal to animal was assumed to be individual variation in 
injection of the label and in metabolism of the labeled protein.

The Control of Carnitine Biosynthesis 
. Having defined the parameters of the model which would be used 

to examine the control of carnitine biosynthesis in the rat9 experiments 
designed to determine the points of biosynthetic control were begun. 
Various treatments were hoped to provide the information necessary to 
determine the site of control of carnitine biosynthesis, and the actual 
regulator which is responsible for exhibiting this control.

The Effects of Carnitine, TDGA, and TDGA Plus Glyceryl 
Trioctahoate Administration on Carnitine Biosynthesis

Oral administration of DL-carnitine resulted in a significant 

increase in the* fraction labeled 3-hydroxy-e-N-1rimethyllysine and a* 
significant decrease in labeled carnitine as compared with control 

animals; y-butyrobetaine, while not significantly different from 

control, did tend to be lower in carnitine treated animals than in 
controls (Figure 14).

As described in the legend to Figure 15, two other groups of 
animals were matched with the control and carnitine treated animals.
The effects of carnitine palmitoyl transferase inhibition on carnitine 
biosynthesis was examined by administration of 2-tetradecylglycidic acid 
(TDGA). Since inhibition of this enzyme also decreases the rate of 
3-oxidation, a treatment was devised to separate the contribution of 

these two effects on the control of carnitine biosynthesis. TDGA was 
administered to a group of animals in combination with a mediiim-chain 
triglyceride, glycerol trioctanoate.' Because medium-chain



Figure 14, Effect of (DL)-Carnitine on Carnitine Biosynthesis,
200 mg of (DL)-carnitine hydrdchloride9 pH 7o09 in 1.0 ml water was 

administered to one group of animals via gastric intubation* as 
described in the Methods chapter. Two hours subsequent to carnitine 
administration* both control and treated groups of animals were given 
asialo-fetuin and the extent of carnitine biosynthesis in the liver was 
determined as described in the Methods chapter. Based on the experi
mental design* it was decided that the most appropriate way to 
determine the significance of the results of this and all subsequent 
experiments was by the LSD* or modified "t" test* procedure (Carmer 
and Swanson 1973). Statistical significance was assumed at p <0.05.
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Figure 15. Effect of 2-Tetradeeylglycidic Acid (TDGA) and Glyceryl-
Trioctanoate on Carnitine Biosynthesis.

One group of animals received no treatment except for asialo- 
fetuin administration. Four hours prior to asialo-fetuin administra
tion, the other three groups received 10 mg/kg TDGA suspended in 
tragacanth gum vehicle (0.5% tragacanth gum in water5 w/v; 2 mg 
TDGA/ml vehicle)3 administered via gastric intubation as described in 
the Methods chapter. This dose of TDGA was shown by Lee et al. (in 
press) to effectively inhibit carnitine palmitoyltransferase. Two 
hours prior to asialo-fetuin administration, the animals receiving Cg 
were given 0.5 ml of a 10% solution of glyceryl trioctanoate in olive 
oil (45 mg of Cg) (Valdivieso and Schwabe 1965) via gastric intubation. 
This Cg dose was repeated at the time of asialo-fetuin administration. 
One of the groups receiving TDGA + Cg had been fasted for 48 hr prior 
to treatment; all other groups in this thesis were fasted for 24 hr 
prior to treatment. Liver samples were analyzed as described in the 
Methods chapter.
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triglycerides do not depend on carnitine palmitoyltransferase to 
undergo g-oxidation, this treatment had the effect of bypassing the 
inhibition of the enzyme while providing substrate for g-oxidation.

The results of these treatments were quite interesting» TDGA 
treatment had the opposite effects on the rats* biosynthesis of 
carnitine from the DL-carnitine treated group. TDGA caused increased 

levels of labeled carnitine and decreased levels of g-hydroxy- 
trimethyllysine and trimethyllysine compared to control animals. TDGA 
plus triglyceride did not change these results, indicating that the 

effect of TDGA on carnitine biosynthesis was due to enzyme inhibition 
and not to decrease of B-oxidation. To verify that the triglyceride 

was being properly absorbed, a group of animals were fasted for 48 hours 
before treatment; this group exhibited similar levels of labeled products 

to the group fasted only 24 hours (Figure 15).

Identification of the Regulator of 
Carnitine Biosynthesis

Several molecules could be responsible for effecting the 
regulation of carnitine biosynthesis seen in the above experiments. For 
example, carnitine and palmitoyl-carnitine are both possible 
candidates for this role, carnitine because it is the end product of the 
biosynthetic pathway, and palmitoyl-carnitine because it is an 
important product of the main biochemical reaction involving carnitine, 
and is critical in deriving energy from fatty acid oxidation.

To investigate the role of these two compounds in the regulation 
of carnitine biosynthesis, four animals were fasted for 24 hours. TDGA
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was administered to two of them. All animals were sacrificed six hours 

later9 and free and total carnitine levels in the liver and heart 

determined as previously described; results were expressed as the ratio 

of free to total carnitine<, An increase of almost 50% in this ratio was 
seen in the livers of the TDGA treated animals as compared to the 
controls (Figure 16)„ Actual free and total carnitine concentrations 

are expressed in Table 2.
By themselves9 the results of the above experiment could not 

confirm or refute the thesis that either carnitine or palmitoyl- , 
carnitine may control carnitine biosynthesis in the rat. Therefore, 
further support of this hypothesis was sought.

As the detergent properties of palmitoyl-carnitine may not allow 
this compound to be administered without disrupting cell membranes, an 
indirect treatment was found which might indicate the role of

Xpalmitoyl-carnitine in the control of carnitine biosynthesis. Carnitine 

was administered to a group of TDGA treated rats and carnitine bio
synthesis observed (Figure 17). TDGA plus (DL)-carnitine treated 

animals exhibited similar quantities of the various labeled compounds
as animals treated only with TDGA. Labeled carnitine was increased and

*
labeled g-hydroxy-e-N-trimethyllysine was decreased in both these groups 

as compared with control animals. Thus in the presence of TDGA,
(DL)-carnitine administration had no effect on carnitine biosynthesis.



Figure 16* Effects of 2-Tetradecylglycidic acid (TDGA) Administration
on the Free to Total Carnitine Ratio in Liver and Heart»

Animals were treated, and free and total carnitine concentrations 
were determined, as described in the text»
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Table 2. Concentrations of Free arid Total Carnitine in Rats Treated 

with TDGA as Compared to Control. ■—  (See text for 
experimental conditions.) Data is expressed as carnitine 
(nmoles/gm wet weight) ± S.E.M.; n=2 for both groups. (See 
Figure 16 for statistical differences.)

Control TDGA Treated
Total Free Total Free

Carnitine ■ Carnitine Carnitine Carriitirie

Liver 409+29 115±1 486±1 261+19
Heart 1523+61 773+3 1509±35 '903+5



Figure 17. Effects of 2-Tetradecylglycidic Acid (TDGA) and (DL)-
Carnitine Administration on Carnitine Biosynthesis.

Significance levels are indicated where appropriate. Where a 
given group is significantly different from more than one other group, 
only the highest common significance level is displayed. The group 
that was administered TDGA plus carnitine received these compounds in 
the same time sequence and in the same manner as those groups which 
were administered these compounds separately. All other groups "are 
the same as those described in Figures 14 and 15.
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Carnitine Biosynthesis in Rat Kidney and Skeletal Muscle 
An attempt was - made to examine the biosynthesis of carnitine in 

the kidney and skeletal muscle from the various groups of animals.
Kidney samples (Figure 18), prepared and analyzed as described in the 
Methods chapter, did not provide results that could be correlated with 

the matched liver experiments. Since non—hepatic concentrations-of the 
various precursors are highly dependent on uptake as well as on bio

synthesis, the concentrations of carnitine precursors in the kidney 
were assumed to be a result of a combination of uptake and biotrans
formation, and thus could not. be used to explain the role of the kidney 

in carnitine biosynthesis.
In skeletal muscle samples, prepared according to the procedures 

described in the Methods section, a combination of low radioactivity 

(Table 1) and very low recovery of eluted radioactive material (30-40%) 
made quantitation difficult, and it appeared inappropriate to derive "any 

meaningful results from the data.



Figure 18. Carnitine Uptake and Precursor Conversion in the Rat Kidney.

Animals were treated as described in Figures 14 and 15. 
samples were prepared as described in the Methods chapter.
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CHAPTER 4

DISCUSSION AND SUMMARY

The goals of this investigation were three-fold: 1) to develop
an in vivo model which could be used to examine the biosynthesis of 
carnitine in the rat, 2 ) to use this model to obtain information on the 
rate limiting step in this biosynthetic pathway, and 3) to find the 

molecule(s) responsible for the regulation of carnitine biosynthesis at 
-this rate limiting step. The results described in this thesis account 
for the first two of these goals. The third goal, while not completely 

resolved, has at least been partially answered. Future work by this 

laboratory should more fully answer this last question.
The model which was used to examine carnitine biosynthesis was 

based on the previous work of LaBadie et al. (1975,1976). They 
methylated the lysine residues on the glycoprotein fetuin and then 
desialylated this protein, to form [‘*"^C-methyl]-6 -N-trimethyllysine- 

labeled asialo-fetuin. This protein, when intravenously administered to 
rats, was rapidly taken up by the liver and hydrolyzed, releasing the
[^^C-methyl]-e-N~trimethyllysine ([^C]-TML). Approximately one-third

14 " 'of this [ C]-TML was metabolized to carnitine within three hours of
asialo-fetuin administration. Using this technique, we have been able

14 'to confirm that [ C]-TML introduced by means of asialo-fetuin can be
14used to follow the incorporation of these [ C]-methyl groups through
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these carnitine precursors and into carnitine: p-N-trimethyllysine
(TML) --- ^ 3—hydroxy-e—N-trimethyllysine (OH-TML) —--> y—butyrobetaine

(y-BB) --- > carnitine. The only carnitine precursor between TML and
carnitine that was not detected using this technique is y-trimethyl-

/aminobutyraldehyde (y-TAB) 9 perhaps because conversion to y-BB is so 
rapid9 or perhaps because y-TAB is destroyed under our assay conditions.

Using this model9 control of hepatic carnitine biosynthesis in 
the rat was studied. Several scenarios can be envisioned for 

explaining the results bf these experiments. Only one of these possible 
explanations will be discussed here9 that being the simplest explanation 
that could be extracted from the data.

The relative concentrations of the various labeled carnitine 

precursors with different treatments (Figures 14, 15, and 17) seem to 
increase or decrease in relation to a central point. If a treatment 

affects the carnitine pathway in such a way as, to significantly 
increase the concentration of labeled OH-TML as compared to controls, 
such as DL-carnitine administration (Figure 14), then the concentration 
of labeled TML also increases (i.f there is any significant change in TML 

concentration). However, this same treatment will also significantly 
decrease the concentration of labeled carnitine (and sometimes y-BB).

The opposite is true with treatments that decrease labeled OH-TML (and 
TML) concentrations, such as TDGA administration (Figure 14); labeled 
carnitine (and y-BB) concentrations with these treatments tend to 
increase.
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From these observations^ a conclusion as to a potential rate 

limiting step in this biosynthetic pathway can be drawn * Although this 
model is limited in that only the steps between TML and carnitine can be 
examined9 the aldolase reaction converting OH-TML to y-TAB seems to be 

a rate limiting step in this biosynthetic pathway (Figure.19)- This 

conclusion is based on the results described in this thesis9 and on 
previous work (Kaufman 1977; Rebouche 1980) which indicated that of the 
two enzymes involved in the conversion of OH-TML to y-BB (Figure 19) 9 the 
aldolase step converting OH-TML to y-TAB seems to be a slower reaction 

than the dehydrogenase step converting y-TAB to y-BB. As the results 

described in this thesis implicate either the OH-TML aldolase or the 
y-TAB dehydrogenase as the rate limiting step for the reasons stated 
above9 and since the aldolase step is a slower reaction than the 

hydroxylase step9 these results lead to the conclusion that the 
aldolase is a rate limiting step in carnitine biosynthesis from TML.
Until such time as the actual protein precursor of carnitine is found9 

it will not be possible to determine whether other steps, such as 
protein-bound-lysine methylation or cleavage of the TML from the 

protein precursor9 are also rate limiting.
Although this project has examined the nature of the actual 

regulator of carnitine biosynthesisg no identification of this entity 
can be made on the basis of this work. However, some of our results 
have indicated that paimitoyl-carnitine may play some role in regulation 
of carnitine biosynthesis. In those experiments involving TDGA 
administration (Figure 15), TDGA may have potentiated carnitine
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Figure
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biosynthesis by inhibiting the formation of palmitoyl-carnitine and thus 

decreasing the concentration of long-chain acylcarnitines in the cello 
This decrease may give a signal to the cell that more carnitine was 
needed to react with the excess palmitate» Upon administration of TDGA9 
increased concentrations of free carnitine were observed (Figure 16), 

consistent with this hypothesis.
To both further substantiate this theory, and to determine if 

carnitine concentration in the cell has any regulatory function, DL- 

carnitine was administered to TDGA treated rats (Figure 17)« It was 
thought that if palmitoyl-carnitine was the regulator of carnitine 
biosynthesis, only the effects of the TDGA would be observed since 
TDGA would inhibit the formation of palmitoyl-carnitine. If, on the 
other hand, carnitine was responsible for the regulation of carnitine 
biosynthesis, a decrease in carnitine biosynthesis would be observed 
with carnitine administration, even in the presence of TDGA. The 

results of this experiment suggested that carnitine is not the 
regulator; both carnitine and OH-TML in these animals were lower than 

both control and carnitine treated animals, but not different from TDGA 
treated animals. This experiment, however, does not prove that 
palmitoyl-carnitine is responsible for regulation of carnitine bio
synthesis, since this compound was not directly administered to 
animals. In fact, a brief examination of disease states which exhibit 
abnormal carnitine levels will show that the likelihood is not very 
great that cellular palmitoyl-carnitine levels have much input into the 
control of carnitine biosynthesis.
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Many laboratories have examined the role of carnitine and 

carnitine acyltransferases in various ketogenic states, such as 
diabetes and starvation, where fatty acid metabolism is the primary 
source of energy, as well as in conditions of minimal utilization of 

fat, such as carbohydrate refeeding of starved animals« In starved 
rats, total liver carnitine concentrations are increased (McGarry, 

Robles-Valdes, and Foster 1975; Brass and Hoppel 1975), as are the 
concentrations of free liver carnitine (McGarry et al. 1975), free 
serum carnitine (Seccombe, Hahn and Novak 1978), actyl-carnitine in the 
liver (Pearson and Tubbs 1967; Brass and Hoppel 1975), and long-chain 
acylcamitines in liver, heart, kidney (Pearson and Tubbs 1967), and 
serum (Seccombe et al. 1978). The ratios of free to total carnitine in 

the liver (McGarry et al. 1975) and in the serum (Seccombe et al. 1978), 
and acyl carnitines to total carnitine in the liver (Brass and Hoppel 
1975) are also elevated.

Diabetes also results in elevated carnitine concentrations and 
additionally in elevated enzyme activities. Streptozotocin diabetic 

rats exhibit elevated levels of free carnitine in their livers, and 
elevated levels of acetyl-carnitine, long-chain acylcamitine, and total 
carnitine in liver and kidney (Fogle and Bieber 1979). Alloxan diabetic 
rats have increased concentrations of total carnitine in liver and 
heart (Pearson and Tubbs 1967), and of the free to total carnitine ratio 
in the liver (McGarry et al. 1975). In addition,streptozotocin- 
treated diabetic rats have elevated activities of acetyl-, octanyl-, 
isobutyryl-, isovaleryl-, and palmityl-transferase in liver and kidney 

(Fogle and Bieber 1979).
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Feeding carbohydrates to fasted rats, which decreases fatty acid 
utilization, has the opposite effects on carnifine levels as does 

diabetes, starvation, and feeding fat to fasted animals, which increase 

fatty acid utilization. Fat refeeding causes increased long-chain 
acylcarnitine concentrations in liver and heart (Pearson and Tubbs 
1967), while carbohydrate refeeding decreases these acylcamitines 
(Pearson and Tubbs 1967) and increases levels of free palmitate and 
carnitine in isolated hepatocytes from these animals (Christiansen 
1977).

The above work suggests that conditions of increased fatty acid 
utilization tend to increase total, free, and acylcarnitine concentra
tions (both short-chain and long-chain), and also increase the 
activities of the various carnitine acyltransferases; conditions of 
decreased fatty acid utilization tend to decrease total, free, and 
acylcarnitine concentrations. This would indicate that carnitine 

biosynthesis is increased under ketogenic conditions (during periods of 

increased carnitine utilization) and is decreased under low-fatty acid- 
utilization conditions (during periods of decreased carnitine 
utilization). Our model would suggest that decreased palmitoyl- 
carnitine concentrations trigger an increase in carnitine biosynthesis 
and visa versa. This is not all consistent with the literature 
describing the relationship of carnitine to various disease states. 
Therefore, while our model may be quite appropriate for establishing a 

control point for carnitine biosynthesis, it may be quite inappropriate 
for establishing the regulatory molecule which controls carnitine



biosynthesis at that control point. Before developing a new model with 
which to identify this molecule9 several ketogenic and non-fatty acid 

utilizing states should be examined using the existing model. For 

example, diabetic, starved, fat refed, and carbohydrate refed rats should 
be injected with asialo-fetuin, as these experiments may help elucidate 

this regulator.
If it is necessary to develop a new model to identify the 

regulator of carnitine biosynthesis, several systems may prove to be 

appropriate. Liver homogenates, hepatocytes, and isolated mitochondria 
may all be suitable for these experiments. Carnitine biosynthesis in a 
homogenate has been at-tmpeted. A rat was sacrificed one hour subsequent 
to asialo-fetuin administration and a homogenate (in a 5 mM glucose,
0.15 mM palmitate phosphate buffer, at a 1 gm tissue: 6 ml buffer 
dilution) was made from the liver of this animal. No additional 
carnitine biosynthesis was observed after a one hour incubation of this 
homogenate at 37°C under 100% oxygen. Although this experiment was 

unsuccessful, the concept of using a homogenate to identify the regulator 

of carnitine biosynthesis may have some merit and should be investigated 
further. Perhaps some necessary co-factors have been diluted to a low 

concentration in preparing the.homogenate. Identification and addition 
of these components may make it possible to examine the nature of the 
regulator of carnitine biosynthesis in this system.

If an experiment could be designed to* introduce labeled palmitoyl- 
carnitine directly into the mitochondria without its being hydrolyzed and 
then reforming inside the mitochondria, an answer to the question of the



r

70
role of palmitoylcarnitine as a regulatory agent may be obtainede If it 
cannot be introduced intact into mitochondria9 there would be no control 

over the rate of labeled palmitoylcarnitine utilization. Perhaps 
administration of labeled palmitoylcarnitine into isolated hepatocytes 
from TDGA, asialo-fetuin treated animals would prove successful.

Other possible regulators of carnitine biosynthesis' that have 

not been studied during the course of this 'project are acetyl- 
carnitine and Goenzyme A (CoA). Both diabetic rats (Fogle and Bieber 
1979) and starved rats (Pearson and Tubbs 1967, Brass and Hoppel 1975) 
exhibit elevated liver acetyl-camitine concentrations. As this 
indicates that acetyl-carnitine concentrations increase with increased 
carbohydrate utilization, acetyl-carnitine may regulate carnitine bio

genesis by decreasing carnitine biosynthesis during periods of increased 
glucose use. CoA, being both a substrate and a product in different 
steps of carnitine utilization and fatty acid 3-oxidation, is also a 
logical candidate as a regulator. It would thus be interesting to 

examine the effects of acetyl-carnitine and CoA administration on 
carnitine biosynthesis, perhaps using the same model that is developed 
for examining the role of palmitoyl-carnitine.

Even though a regulatory agent for carnitine biosynthesis has 
not been found in these experiments, both the establishment of a model 
which is suitable for examining carnitine biosynthesis under various 
conditions, and the identification of a possible rate limiting step in 

carnitine biosynthesis should be useful in future investigations on the . 
biological role of carnitine.
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