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A discussion of the properties of all compounds which contain carboxylic 
groups and which are also antimetabolites would be beyond the scope of 
the present chapter. An attempt will be made to discuss representative 
members of that broad class of chemical compounds which disturb the 
normal course of biological events and are represented by the general 
formula R*CH2«COOH. Three main types of inhibitory effects will be 
discussed : those brought about by normal fatty acids, those which do not 
become apparent until an ester of coenzyme A is formed, and those which 
are associated with various types of substituted fatty acids. 
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I. METABOLIC INHIBITORY EFFECTS OF NORMAL FATTY ACIDS 

A. On Respiration 

The earliest observation that fatty acids per se may decrease respiratory 
activity was made by Quastel and Wheatley (1). These workers showed 
that addition of butyrate to guinea-pig liver slices gives rise to a great 
increase in respiratory activity, the extent of which is independent of the 
butyrate concentration over the range 1.7-67 mM. Similar results were 
obtained with valerate, but on addition of 67 mM hexanoate an initial 
stimulation of respiration is observed, and this is followed by a gradual 
inhibition of respiratory activity. These effects are obtained at progressively 
lower concentrations when fatty acids of longer chain length are used, and 
in the case of decanoate the concentration corresponding to maximum 
respiratory activity is only 2.5 mM (β). Subsequently, Lehninger (3) 
observed that the amount of octanoate added is also critical when respira
tion is measured in washed and fortified homogenates of rat liver. It was 
also noted (3) that the inhibitory effects of excess octanoate can be re
versed by increase in the concentration of adenosine triphosphate (ATP) 
present from 1 mM to 7 mM or by addition of α-ketoglutarate. This 
autoinhibition by fatty acids was later explained (4) in terms of a toxicity 
of fatty acids to some phase of oxidative phosphorylation which is also 
involved in the "priming" or "sparking" of fatty acid oxidation. 

Subsequent work (5) showed that normal fatty acids containing six or 
more carbon atoms are also inhibitory to the oxidation of pyruvate by 
rat kidney mitochondria. The inhibition is greatest when no priming 
agent is added, less when bicarbonate is present, and least in the presence 
of malate. Comparison of the effects produced by decanoate (caprate) with 
those due to dinitrophenol (DNP) and gramicidin suggested that an un
coupling action is involved. It was also shown (5) that pyruvate oxidation 
by rat brain mitochondria is unaffected by decanoate but that the fuma-
rate-stimulated oxidation of pyruvate is inhibited to the extent of more 
than 50% by 1 mM decanoate. 

The addition of 0.8 mM decanoate to rat-brain cortex slices respiring 
in the presence of 10 mM glucose brings about an initial stimulation of 
respiration amounting to approximately 10% (β). After 30 minutes in
cubation, however, the rate of respiration decreases rapidly, and after 45 
minutes little further uptake of oxygen occurs. When the concentration of 
decanoate is decreased to 0.5 mM, a similar effect is observed but only 
becomes apparent one hour later. The ability of the fatty acids to pro
duce such effects increases approximately 2.5-fold for each carbon atom 
added in the series of fatty acids from heptanoate to dodecanoate (laurate). 
Further increase in the length of the earbon chain causes a decrease in the 
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effectiveness of the fatty acids by approximately 2.5-fold, so that decanoate 
and palmitate have nearly equal activity. It is of interest to note that 
Kaplan (7) has shown that, in the homologous series of alcohols, alde
hydes, and ketones studied, the ability to influence yeast catalase activity 
and to lower the surface tension at the air-water interface also increases 
approximately threefold for each methylene group added to the chain. 
Physical effects undoubtedly play a large part in determining the extent 
of inhibition of respiration by fatty acids, but it has yet to be decided 
whether such effects are directly upon the enzyme systems involved or 
whether they are indirect effects due to easier penetration of the lipid 
membranes of the cell and its constituents by fatty acids. 

Another interesting example of an inhibitory effect of a fatty acid 
which may be correlated with a physical phenomenon is the inhibition of 
succinoxidase by oleate (8). Oleate is more effective than palmitate, and 
the extent of inhibition depends on the oleate/tissue ratio rather than on 
the concentration of oleate initially added to the medium, suggesting 
that fatty acid is adsorbed to the succinoxidase system. The inhibitory 
effect of intestinal mucosa on the succinoxidase activity of rat-heart 
homogenate has since been attributed to its fatty acid content (9). 

B. In Vivo Effects on the Central Nervous System 

In 1955 it was reported by Samson and Dahl (10) that administration 
of fatty acid salts to rats could produce unconsciousness. An intravenous 
dose of 1 /rniole octanoate/gm body weight causes a loss of consciousness 
lasting several minutes. The minimum effective dose decreases with chain 
length in the series of normal fatty acids from propionate to decanoate 
but increases when the salts are given by intraperitoneal injection. Oral 
or subcutaneous injection does not produce lack of consciousness. White 
and Samson (11) observed that intravenous injection of 4 ^moles/gin 
body weight of buffered propionate, butyrate, valerate, or caprate evokes 
electroencephalographic and behavioral signs of sleep. Such findings, to
gether with the suggestion of Lehninger (4) that fatty acids may influence 
oxidative phosphorylation and the demonstration by Brody and Bain 
(12) that barbiturates can uncouple oxidation from phosphorylation, indi
cate that fatty acids may also be able to act as uncoupling agents. 

C. Effects on Phosphorylation Systems 

1. I N MITOCHONDRIA 

The synthesis of A T P by oxidative phosphorylation is sensitive to fatty 
acids such as decanoate (13), a concentration of 0.4 mM being sufficient 
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to decrease the P/O ratio in rat-kidney or rat-brain mitochondria by 50%. 
In the same year it was shown by Pressman and Lardy (14) that many 
fatty acids stimulate the latent ATPase activity of rat-liver mitochondria. 
Maximum stimulation is obtained with myristate, and fatty acids of 
longer or shorter chain length give rise to lesser effects. It was also pointed 
out by these authors that the presence of ethylenic-type linkages in the 
fatty acids results in greater stimulation of the latent ATPase activity. 
Oleic, linoleic, and as-vaccinic acids are 2-3 times as effective as the 
corresponding fully saturated parent compound, stearic acid. Other com
pounds capable of lowering surface tension, such as octanol and deoxy-
cholate, also give rise to increased ATPase activity and so does the acetone-
soluble fraction of rat-liver microsomes. Recent results (15) show that 
oleate and dodecyl sulfate also uncouple oxidation from phosphorylation, 
a 50% decrease in P/O ratio being observed at concentrations of 0.1 mM 
and 0.2 mM, respectively. The uncoupling is reversed on addition of 
albumin (1 mg/ml) in both cases, presumably because of binding of the 
uncoupling agents by the albumin. 

Fatty acids also affect the ATP-P» exchange reaction (16,17), a reaction 
which is presumed to be an integral part of the oxidative phosphorylation 
sequence (18). Tridecanoate (Ci3) is the most effective inhibitor of the 
ATP-P i

32
 exchange reaction occurring in rat-liver mitochondria, although 

all fatty acids from hexanoate to stéarate greatly increase the rate of this 
reaction at lower concentrations (16); for example, 0.05 mM decanoate 
brings about a 57% stimulation, but 0.2 mM inhibits the exchange reac
tion by 42%. The results of Falcone, Shrago, and Mao (17) show that 
the inhibitory effects may be greatly augmented by blocking oxidation of 
the fatty acids with cyanide, azide, Amytal, antimycin A, or anaerobic 
conditions. A factor having the properties of a fatty acid has been isolated 
from normal tissues, and it is capable of uncoupling oxidation from phos
phorylation and of causing rapid and extensive swelling of rat-liver mito
chondria (19). The latter effect is also obtained on addition of oleate at a 
concentration of 3 μΜ (19). This phenomenon has been studied more 
extensively by Avi-Dor (20), who showed that such swelling could also 
be observed on addition of normal saturated fatty acids and that, of 
these, myristate is the most effective. Thus, maximum effects of fatty 
acids are obtained with Ci3 or d 4 in studies of mitochondrial swelling 
(20), ATP-P i

32
 exchange (16), latent ATPase activity (14), and rat-brain 

cortex respiratory activity (6). 
The addition of lecithinase A to mitochondria results in an uncoupling 

of oxidation from phosphorylation (21). The agent responsible for this un
coupling process is not known with certainty, since both of the products 
of lecithinase A activity (fatty acids and lysolecithin) are known to un-
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couple oxidation from phosphorylation (13, 22, 23). Subsequent work 
has shown (24, 25) that another, and probably the most important single 
factor in this uncoupling process on addition of venom lecithinase to 
mitochondria, is the disruption of the lipids essential for the preservation 
of mitochondrial structure. 

2. I N ASCITES TUMOR CELLS 

The effects of fatty acids on the respiratory activities of ascites cells are 
such that they may either inhibit or stimulate respiration; for example, 
decanoate (1 mM) has been reported to inhibit the respiration of Ehrlich 
ascites carcinoma cells by 3 4 % throughout an experimental period of 60 
minutes (26). On the other hand, in studies of the metabolism of fatty 
acids by ascites hepatoma 98/15, Scholefield, Sato, and Weinhouse (27) 
found that 1 mM decanoate stimulates respiration by more than 5 0 % in 
the first 30 minutes of incubation. Subsequently, the respiratory activity 
decreases, and in the third period of 30 minutes an inhibitory effect amount
ing to 4 5 % is observed. On addition of 0.2 mM laurate to cells of the 
ascites hepatoma 98/15, the stimulation in the first 30 minutes of incuba
tion amounts to more than 100%, but an inhibition of 1 9 % becomes ap
parent when 0.4 mM laurate is studied under the same conditions. Similar 
stimulations at low concentrations and inhibitions at high concentrations 
have been obtained with dinitrophenol (DNP) and Ehrlich ascites carci
noma cells (28), confirming the suggestion that the observed effects of 
fatty acids are due to their ability to uncouple oxidation from phosphoryla
tion. More direct studies, in which P

32
 turnover was followed in the various 

phosphorus containing fractions of Ehrlich ascites cells (29), have yielded 
more unequivocal proof that fatty acids can penetrate ascites tumor cells 
and, despite their extensive oxidation by such cells (27), can cause an 
uncoupling of oxidation from phosphorylation therein. 

D. Specific Inhibitory Effects of Fatty Acids 

1. D-ΑΜΙΝΟ ACID OXIDASE 

The competition between benzoate and the D-amino acids for D-amino 
acid oxidase was first described by Klein and Kamin (80). Since then, many 
other aromatic and heterocyclic carboxylic acids have been found to de
crease the activity of D-amino acid oxidase (31). It has also been shown 
that the normal straight-chain fatty acids (32) and some of their alkylthio 
derivatives (38) are competitive inhibitors of the kidney enzyme. The 
simple fatty acids, in contrast to benzoate, are without effect on the 
L-amino acid oxidase of snake venom. Their effects on the kidney enzyme 
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are unusual in that the maximum inhibitory effect is obtained with valerate 
(C5) and hence cannot be associated with indirect effects due to changes 
in surface tension. The competitive nature of the inhibition lends support 
to this conclusion. 

2. MICROBIOLOGICAL EFFECTS 

One of the most well-known inhibitory effects of fatty acids on bac
terial growth is to be found in the treatment of leprosy with chaulmoogra 
oil, the active principle of which is chaulmoogric acid ( I ) . The extensive 

C H = C H 

\ 
C H ( C H2)1 2C O O H 

/ 
C H 2 — C H 2 

( I ) 

researches of Stanley and co-workers (84) have shown, however,, that the 
carboxyl group is nonessential, since its replacement by the basic —CH2N-
(CH2CH3)2 group resulted in a bactericidally active compound. Replace
ment of the ω-cyclopentenyl group by a ω-cyclohexyl group also gives rise 
to compounds with bactericidal activity, provided that the molecules 
contain 17 ± 3 carbon atoms. These authors investigated the effects of 
120 fatty acids and fatty acid analogues on the growth of M. leprae and 
M. tuberculosis and concluded that, in general, maximum inhibitory effects 
are to be obtained when the carboxylic acid contains from 15 to 18 carbon 
atoms. In other studies by Stanley and Adams (35), the effects of these 
acids on surface tension were correlated with their effects on bacterial 
growth. The acids with the greatest effects on bacterial growth also de
press surface tension effectively, and the two properties can be correlated 
with each other. However, it was also pointed out that an increase in 
molecular weight above 256 causes a decrease in the bactericidal proper
ties without a corresponding decrease in the surface tension effect and 
that" . . . while one physical property, namely, surface tension depressant 
action, can be correlated with bactericidal effectiveness of the acids, it is 
but one of two or more factors which may be responsible for the bac
tericidal action of these aliphatic acids." 

More recently, Nieman (36) has reviewed the influence of trace amounts 
of fatty acids on the growth of microorganisms and has pointed out that 
in most studies gram-positive bacteria were employed. On the other hand, 
the growth of certain gram-negative organisms such as Neisseria gonor
rhoeae (37) and Escherichia coli (38) is sensitive to as little as 1 ppm of 
fatty acids (approximately 4 μΜ). The general conclusion reached by 
Nieman (36) is that "although in general, the antibacterial activity in-
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creases with unsaturation, saturated fatty acids can act as growth in
hibitors, the antibacterial properties being optimal for substances with a 
chain length of about 12 carbon atoms." 

Mention should also be made of the inhibitory effects of fatty acids on 
the influenza virus (89), on the respiratory activity of the pathogenic 
fungus Blastomyces dermatidis (40), and on the growth of various protozoa. 
Of particular interest is the observation (41) that undecylenate, which 
appears in the secretions of the scalp at puberty, may be responsible for 
the spontaneous cure of ringworm at this time. The antifungal action of 
this compound has been shown by Prince (42) to be due to the undis-
sociated form of the fatty acid. 

Finally, it should be noted that certain inhibitory effects of fatty acids 
on microorganisms may be reversed by albumin, which effectively removes 
the fatty acids by forming a tightly bound complex (43, 44) and occa
sionally by the addition of unsaturated fatty acids (45). 

3. EFFECTS OF DIETARY FATS 

The general effects of dietary fats on the dynamic state of the lipid 
constituents of the body have recently been summarized in a most compre
hensive fashion at the Fourth International Conference on Biochemical 
Problems of Lipids (46). There can, for example, be little doubt that 
change in the nature and amount of ingested fat is followed by similar 
though not identical changes in human blood serum. Thus, increase in the 
content of unsaturated fatty acids in the diet leads to an increase in the 
unsaturated fatty acids of the serum, although a diet rich in the medium 
chain length fatty acids (e.g., octanoate—dodecanoate from administra
tion of cocoanut oil) leads only to an increase in the quantities of those 
fatty acids already present in the serum (46a). It is also stated (46b) that, 
in infants, placed on a diet very low in fat " . . . the blood serum levels 
reflected so exactly the linoleic acid content of the diet that if the blood 
chemical findings were out of line, there was distinct suspicion that devia
tions of diet had occurred." Similar studies (46c) have established that 
the composition of human breast milk fat is also a reflection of the dietary 
fat, although caloric intake is a modifying factor and changes occur more 
rapidly in milk than in serum (47). 

The effect of certain unsaturated fatty acids on the plasma level of 
cholesterol and the role of cholesterol and its esters in vascular disease 
are questions of more direct concern in the present review of fatty acids 
as antimetabolites. The inclusion in the diet of linseed oil (which contains 
large amounts of linoleic and linolenic acids) as a source of fat causes a 
decrease in the neutral fat and cholesterol contents of the serum (see, for 
example, 47a). These results could not be duplicated by addition of 360 
mg/day of linoleic acid to the diet (47a), but Kinsell et al. (47b) have ob-
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served a significant decrease in the total plasma cholesterol level when 
ethyl linoleate or arachidophosphatide was included in the diet. In other 
experiments, Malmros (47c) has obtained convincing evidence that feed
ing corn oil (approximately 45% linoleic acid) leads to a depression of the 
elevated cholesterol level often associated with such conditions as ne
phrosis, myxedema, diabetes, and myocardial infarction. Similar experi
ments showed that a dose of 50 gm corn oil is not quite enough to depress 
serum cholesterol when subjects receive 100 gm milk fat and that hy-
drogenated corn oil is without effect. 

It is felt by Kinsell et al. (47b) that the mechanism by which the essen
tial fatty acids, such as linoleic, bring about the diminution of the cho
lesterol level, may be concerned with their presence in the phospholipid 
lecithin. This lipid, which is known to contain unsaturated fatty acids 
(48) is the most abundant phospholipid in the plasma and is postulated 
by Kinsell et al. (47b) to be a transport form of the saturated fatty acids; 
presumably, increased linoleic would lead to increased lecithin, which in 
turn would make more saturated fatty acid available for oxidation by 
the tissues and less available for formation of cholesterol esters. 

A more specific explanation may be offered in terms of the inhibition 
by fatty acids of cholesterol synthesis from acetate in rat-liver homogenates 
as observed by Wood and Migicovsky (49). Of particular interest is the 
finding by these authors that linoleic and erucic acids are the most ef
fective of the unsaturated fatty acids examined. The effects of dietary 
linoleic acid have been briefly described above, and it is known that 
erucic acid is also capable of disturbing cholesterol metabolism in vivo (60). 

These effects of unsaturated fatty acids in helping to control the plasma 
cholesterol level should not be interpreted "a priori" as evidence of benefit 
in such diseases as atherosclerosis. Groen (50a) has reported the results 
of an intriguing study in which the blood cholesterol levels of vegetarian 
Trappist monks were compared with those of mixed-diet Benedictine 
monks. The average level in the latter group was significantly higher, but 
signs of coronary occlusion were rare in both groups. Groen concludes 
that " . . . atherosclerosis may be a function of nutrition; the occlusion of 
the coronary vessels, however, appears to be a function of a factor which 
was absent in both groups." 

II. METABOLIC INHIBITORY EFFECTS OF ACYL COENZYME A 
DERIVATIVES 

A. Aromatic Acids 

Certain carboxylic acids bring about effects on metabolic reactions only 
after they have formed esters with coenzyme A (CoA). The true inhibitory 
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agents in such cases are therefore not the carboxylic acids themselves but 
the corresponding acyl derivatives of CoA. The reactions inhibited by 
these CoA derivatives usually involve acetyl-CoA as one of the reactants 
and include acetoacetate formation, cholesterol synthesis, and citrate 
synthesis. One such inhibitor is benzoate, which was shown by Jowett 
and Quastel (51) to inhibit fatty acid oxidations, as in the prevention of 
the formation of acetoacetate from butyrate, by guinea-pig liver slices 
and was quoted as having little effect on the Qo2 value of such slices. 
These authors also showed that cinnamate and 0-phenylpropionate are 
effective inhibitors of acetoacetate formation from butyrate and crotonate. 
Cinnamate inhibits acetoacetate formation from 10 mM butyrate by 63% 
at a concentration of 0.5 mM, β-phenylpropionate inhibits by 54%, and 
benzoate by less than 40% at a similar concentration. The conversion of 
crotonate to acetoacetate is slightly more sensitive to the presence of 
these inhibitors. Subsequent work (52, 53) has permitted the verification 
of these results by means of radioisotope techniques and has led to the 
conclusions that benzoate has little effect per se on the oxidation of buty-
rate-l-C

14
 to C

1 4
02 and that the effect on acetoacetate formation is secured 

only after formation of benzoyl-CoA. 

B. Propionic Acid 

Earlier studies by Quastel and Wheatley (1) indicated that propionate 
is well oxidized by liver slices and that it prevents the formation of aceto
acetate from butyrate. These results led to the conclusion that propionate 
and butyrate may compete for the fatty acid oxidizing system of enzymes. 
It was difficult, however, to eliminate the possibility that propionate may 
have exerted its effect indirectly. The demonstration (54) that acetic thio-
kinase activates acetate and propionate, but not the higher fatty acids, 
rendered competition for activation an unlikely hypothesis. The effect of 
propionate in preventing acetoacetate accumulation may be accounted 
for in terms of the hypothesis advanced by Lang and Bâssler (55) to 
explain their observation that propionate inhibits acetoacetate synthesis 
from acetate in liver cyclophorase preparations, namely, that propionyl-
CoA is the actual inhibitory agent. 

C. Alkylthio Fatty Acids 

Similar studies have shown (33, 52, 53) that fatty acids, in which a 
sulfur atom has replaced a methylene group (such as in ethylthioacetic 
acid, C2H5«S«CH2«COOH), have similar metabolic inhibitory properties. 
It is suggested that they are oxidized by a process involving 0-oxidation 
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(S3), that they form coenzyme A derivatives (52), and that these coenzyme 
A derivatives can influence some of the pathways of metabolism of acetyl 
CoA (52, 53). In this connection, it is of interest to note that 5 mM ethyl-
thioacetate has little effect on C

1 4
02 production from acetate-l-C

14
 or 

butyrate-l-C
14
 by guinea-pig liver slices but inhibits the formation of 

carboxyl labeled acetoacetate from acetate-l-C
14
 by 73% and from buty

rate-l-C
14
 by only 10% (52). A similar difference in sensitivity is obtained 

with benzoate, although this substance also gives rise to significant in
hibitions of C

1 4
02 production from both acetate and butyrate. The site of 

action of the acyl-CoA complexes is therefore more likely to be on the 
recondensation of the molecules of acetyl CoA (thiolase) to form, eventu
ally, free acetoacetic acid than on the direct formation of acetoacetate 
from butyrate. 

D. Normal Fatty Acids 

The relatively specific effects of such fatty acid analogues on acetoace
tate formation raises the question of whether coenzyme A derivatives of 
the naturally occurring saturated fatty acids can influence the amount of 
acetoacetate appearing during their own oxidation in mammalian systems. 
It was shown by Crandall and Gurin (56) that acetoacetic acid, produced 
from radioactive fatty acids by washed liver homogenates, may be labeled 
in an asymmetric manner, octanoate-l-C

14
 yielding acetoacetate with a 

ratio of C
1 4

0/C
1 4

OOH of 0.75 and octanoate-7-C
14
 yielding acetoacetate 

with a ratio of C
1 4

0/C
1 4

OOH of 3.3. The presence of "carbonyl-activated" 
and "methyl-activated" C2-units was invoked to explain such results, and 
in later work the possibility of an acyl enzyme complex was discussed. 
However, such hypotheses offer little explanation for the observation (57) 
that in washed liver mitochondria the rate of acetoacetate formation de
creases and the rate of carbon dioxide production increases as the series 
from hexoanoate to palmitate is traversed, there being little effect on total 
oxygen uptake if suitable concentrations of fatty acid are employed. 

Similar observations have been made in vivo by Mackay, Wick, and 
Barnum (58), who pointed out that administration of short-chain fatty 
acids produces an immediate rise in the blood ketone level of intact, well-
nourished animals, whereas administration of the long-chain acids does 
not. A simple explanation is available in terms of an inhibition of aceto
acetate formation by the longer-chain acyl CoA compounds (49, 53). In 
studies on the oxidation of 1.67 mM butyrate-l-C

14
 to C

1 4
02 and aceto

acetate (carboxyl-C
14
 being estimated) by rat-liver mitochondria, it was 

found (53) that 1.67 mM octanoate brings about an equal decrease in the 
labeling of both these products, but 1.67 mM palmitate inhibits C

1 4
02 
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production by only 24% and inhibits the production of acetoacetate-l-C
14 

by 53%. The effect of 3.3 mM ethylthioacetate, which is only slowly 
oxidized, is very similar to that of palmitate. 

The coenzyme A esters of fatty acids and their analogues seem therefore 
to have most effect on the formation of acetoacetate and cholesterol from 
acetyl CoA, less effect on the condensation of acetyl CoA with oxalo-
acetate (as measured by the production of metabolic C

1 4
02) , and least 

effect on the acetylation of sulfanilimide. 

E. Fluoro Fatty Acids 

The most extensively studied of the fluoro fatty acids is fluoroacetate, 
the biochemistry of which has been reviewed quite recently (59). In short, 
fluoroacetic acid is converted to a coenzyme A derivative which con
denses with oxaloacetate to form a fluorocitrate (60), as suggested by 
Martius (61). The fluorocitrate thus formed acts as a competitive inhibitor 
of the enzyme aconitase (62) and causes an accumulation of citrate in 
systems in which fluoroacetate or fluorocitrate produce their inhibitory 
effects. Care must be taken, however, in the interpretation of the in
hibitory effects due to addition of fluoroacetate since it is converted 
rather slowly in some tissues to fluorocitrate; for example, Judah and 
Rees (68) have shown that fluorocitrate accumulates more rapidly from 
fluoroacetate in kidney than it does in liver but that, once present, it is 
just as effective in inhibiting citrate oxidation in liver as it is in kidney. 

Other ω-fluoro fatty acids have been synthesized and their effects on 
tissue metabolism studied. Kandel and Chenoweth (64) showed that 
fluorobutyrate and fluorohexanoate can cause citrate accumulation, indi
cating that these compounds are probably oxidized to yield fluoroacetyl-
CoA and hence fluorocitrate. It should not be concluded, however, that 
this is the only mechanism by which these acids affect metabolism despite 
the statement by Peters (59) that since " . . . there is no evidence that 
the long chain acid has an effect per se upon aconitase; it is again a lethal 
synthesis." An inhibitory action by the various fluoro acyl CoA com
pounds seems equally possible, particularly in the light of known inter
actions among CoA derivatives and the demonstration by Hendershot 
and Chenoweth (6*5) that butyrate and hexanoate protect best against 
the inhibitory effects of fluorobutyrate and -hexanoate in intestinal strips 
but acetate protects best against fluoroacetate. 

Recent work (66) has led to the identification of another fluorinated 
fatty acid, which occurs naturally in the seeds of Dichapitalum toxicarium 
as ω-fluoro-c^s-Δ

9
-octadecenoic acid (fluorooleic acid). This compound also 
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causes an inhibition of citrate oxidation by guinea-pig kidney mitochondria 
and, on a weight basis, is approximately 20 times as effective as fluoro
acetate in this respect (66). 

F. γ-Butyrobetaines 

The results quoted by Hosein and Proulx (67) suggest that, during con
vulsions, there occurs release into the brain of the coenzyme A ester of 
trimethylammonium 7-aminobutyric acid (the noncyclic form of butyro-
betaine). The β-hydroxybutyryl and α,/5-butenyl esters of CoA corre
sponding to carnitine and crotonobetaine are also said to be released. 
Apparently, these esters, which exhibit acetylcholine-like activity, occur 
naturally in the "bound acetylcholine faction." 

G. Activation Effects 

In studies of the interactions between fatty acids and between their 
coenzyme A derivatives, in which radioactive substrates are used, in
hibitory effects are commonly obtained. These effects, in many instances, 
are satisfactorily explained in terms of isotopic dilution without recourse 
to any explanation involving inhibitory effects on enzyme activity. The 
addition of palmitate, for example, to a preparation oxidizing stearate-C

14 

to C
14
02 could reasonably be expected to cause a decrease in the rate of 

production of C
1 4

02, the extent of which should be determined by the 
relative rates at which these two fatty acids are oxidized. Such results as 
those quoted by Pritchard and Tove (68, 69) are, therefore, all the more 
interesting. These authors present evidence to show that oxidation of 
propionate-l-C

14
 to C

1 4
02 by liver slices taken from starved sheep may be 

greatly increased simply by addition of butyrate, valerate, hexanoate, 
octanoate, isobutyrate, or acetate, the first two being the most effective. 
The results are interpreted in terms of a transphorase reaction (70) in 
which propionyl-CoA is formed more rapidly by reactions such as that 
given in Eq. ( 1 ) 

Butyryl-CoA + propionate ^ propionyl-CoA + butyrate (1) 

than by direct interaction with CoA and A T P through the acetate-acti
vating enzyme. 

Other stimulations of enzymic reactions by acyl CoA complexes have 
been reported, but the CoA esters concerned were usually substrates in 
the relevant reactions. Thus, certain acyl CoA esters stimulate the ex
change of C

1 4
02 with malonyl-CoA, and it is now suggested (71) that the 

exchange reaction is as given in Eq. (2). 

*COOHCH2COSCoA + RCOSCoA ^ *C02 + RCOCH2COSCoA + CoASH (2) 
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Similarly, Brady, Bradley, and Trams (72) demonstrated that certain 
short-chain acyl CoA derivatives stimulate the incorporation of malonyl-
CoA into fatty acids and explained the stimulation in terms of successive 
addition of two carbon units from malonyl-CoA to the acyl CoA until a 
long-chain fatty acid is formed. 

III. FATTY ACID ANALOGUES 

A. Phytohormones 

Many of the plant growth hormones may be regarded as fatty acid 
analogues, although, in general, they may be more correctly described as 
substituted acetic acids. Homologues of the naturally occurring indole-
acetic acid, such as indolebutyric acid, also possess growth-regulating 
activity. It is probable that the regulation and inhibition of growth occurs 
as a result of β-oxidation of the substituted fatty acids to form the substi
tuted acetic acid, since derivatives such as indolepropionic acid show 
much less activity. This type of relationship has been more extensively 
studied in the homologous series of ω-(2,4-dichlorophenoxyl)alkylcarboxylic 
acids (78), the ω-phenoxyalkylcarboxylic acids (74), and the co-(2-naph-
thyloxy) alkylcarboxylie acids (75). The evidence in all three cases is in 
favor of continued 0-oxidation, with little or no hormonal activity being 
exhibited unless a substituted acetic acid is the end product. Early ob
servations (76) had indicated that an excess of α-indoleacetic acid or 
β-naphthylacetic acid would actually suppress growth. In 1945, simul
taneous reports were published (77-79) which indicated (77) that 0-naph-
thylacetic acid administered at a level of 25 lb/acre could selectively 
inhibit the growth of yellow charlock (Brassica Sinapis Visiani) in a field 
of oats (Avena saliva L.), that the hormone analogue 2,4-dichlorophenoxy-
acetic acid (2,4D) is as effective as a plant growth inhibitor but more 
persistent in soil (78), and that 2,4D or 4-chloro-2-methylphenoxyacetic 
acid may be quite specific in their inhibitory effects (79). For more detailed 
discussion some of the standard texts (80, 81) should be consulted. It 
should, however, be pointed out that several of the plant growth hormones 
are able to uncouple oxidation from phosphorylation in rat liver mito
chondria (82) and that the in vivo effects of the plant growth hormones 
and their analogues depend on the assay system used, presumably be
cause of selective accumulation of these compounds by various plant 
cells. Further, it should be noted that some compounds, such as 7-phenyl-
butyric acid (88) and triiodobenzoic acid (84), possess little or no hor
monal activity but may suppress the effects produced by indoleacetic acid. 



166 P. G. SCHOLEFIELD 

Another phytohormone containing an alkyl carboxylic group is trau
matic acid. This compound, which has been isolated from crushed bean 
pods, has been identified (85) as A^ecene-l, 10-dicarboxylic acid ( I I ) . 

HOOC C H = C H ( C H 2) 8 COOH 

( I D 

It induces renewed growth in plant cells which have already matured and 
is presumed to participate in wound-healing in plants. For this reason it 
is known as a "wound hormone." Recent work (86) suggests that it may 
also incite the formation of tumors on the tomato fruit. 

B. Inhibitors of Cholesterol Synthesis 

Some of the earliest reports on control of cholesterol levels in plasma by 
means of fatty acid analogues were those in which a-phenylbutyrate 
(phenylethylacetate) was used. Feeding this compound caused a decrease 
in the serum cholesterol of the rat (87, 88) and in hypercholosteremic 
patients (89). Later work by Steinberg and Frederickson (90) showed 
that phenylbutyrate and several related compounds inhibit the con
version of acetate-l-C

14
 to cholesterol by rat-liver slices and that they 

have a lesser effect on C
1 4

02 production under similar circumstances. 
These results are analogous to those obtained with the alkylthio fatty 
acids (52j 58). It was suggested that the mechanism by which this in
hibition is brought about is that of prior formation of a CoA derivative 
and subsequent inhibition of the reactions of acetyl-CoA (90). It was later 
shown (91) that phenylbutyrate and other analogues can cause inhibition 
of the acetylation of both sulfanilamide and choline, confirming an earlier 
observation (92) that phenylacetate has an inhibitory effect on acetyl
choline synthesis. 

Among the analogues investigated by Garattini et al. (91) was β-ρ-bi-
phenylylbutyrate, which proved to be a more effective inhibitor of acetyla
tion reactions than β-phenylbutyrate. It also proved to be more effective 
in decreasing the serum cholesterol level in rats (91) and in hypercho-
lesteremic patients (98). Tavormina and Gibbs (94) compared the effects 
of β-ρ-biphenylylbutyrate with those of β-phenylbutyrate on cholesterol 
synthesis from acetate-l-C

14
. Their results indicate that β-phenylbutyrate 

primarily inhibits the synthesis of mevalonate from acetate, whereas 
β-ρ-biphenylylbutyrate primarily inhibits the further conversion of 
mevalonate to cholesterol. 

In other experiments, the in vivo and in vitro effects of β-ρ-biphenylyl-
butyrate were compared (95). The results obtained confirm that this 
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compound markedly inhibits the conversion of acetate to cholesterol in 
the liver but show also that it is equally effective in inhibiting acetate 
incorporation into the phospholipid of the liver. On the other hand, the 
incorporation of acetate into the cholesterol of the aorta is slightly stimu
lated on in vivo administration of this drug, and the incorporation of 
acetate into the phospholipids of the aorta was increased sevenfold. Ex
periments conducted in vitro indicated that under these conditions cho
lesterol synthesis in the aorta is even more sensitive to β-ρ-biphenylyl-
butyrate than it is in the liver. 

Analogues of mevalonate have also been examined. The most effective 
to date is fluoromevalonate (96), which inhibits cholesterol synthesis from 
acetate by 40% at a concentration of <0.01 mM and from mevalonate 
by 27% at a concentration of 0.05 mM. The inhibitory effect of linoleate 
on cholesterol synthesis in liver slices, discussed above (49), amounts to 
75% at a concentration of 0.17 mM. 

During recent years, another interesting class of compounds has been 
found to be effective in decreasing serum cholesterol levels. It is made up 
of the acetic and propionic acid derivatives corresponding to thyroxine 
and triiodothyronine. The physiological activities of this type of com
pound were first investigated by Pitt-Rivers (97), and later experiments 
showed that depression of serum cholesterol is among the activities associ
ated with these compounds (98, 99). Clinical studies showed (100, 101) 
that this depression becomes apparent at dose levels which are insufficient 
for maintenance of thyroid-dependent activities at their normal level. 

Advances have recently been made in this field by the use of compounds 
related to potential intermediates in cholesterol biosynthesis. Among the 
most effective inhibitors are some analogues of farnesoic acid ( I I I ) , 

( C H 3) 2C = C H ( C H 2 ) 2 - C ( C H 3 ) = C H ( C H 2) 2 - C ( C H 3) = C H . C O O H 

( H I ) 

which is, in turn, an analogue of the farnesyl pyrophosphate believed to 
be an intermediate in cholesterol biosynthesis. The inhibitory agents are 
3,7,11-trimethyldodecanoate and related compounds, all of which bring 
about complete inhibition of mevalonate-2-C

14
 incorporation into cho

lesterol by rat liver homogenates at concentrations of less than 1 mM (102). 

C. Miscellaneous Analogues 

In several examples to be discussed in this section it will be apparent 
that the main functional group is not the alkyl carboxyl group. Neverthe
less, the examples are chosen because the introduction of the alkyl carboxyl 
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group has conferred on the parent compound certain specific antimetabolic 
properties. For this reason these examples are listed under the headings of 
the biological systems influenced by the various analogues. It must be 
recognized, however, that these are only examples, and no attempt is 
made to discuss all antimetabolites which also happen to contain an alkyl 
carboxyl group. 

1. DETOXICATION SYSTEMS 

It has been pointed out by Brodie et al. (103) that diethylaminoethyl 
diphenylpropylacetate hydrochloride (SKF 525-A) inhibits many of the 
detoxication systems associated with the microsomal fraction of rat liver, 
which have in common a requirement for reduced triphosphopyridine 
nucleotide and for oxygen. 

2. AMINOLEVULINIC DEHYDRASE 

The conversion of aminolevulinic acid to porphobilinogen by amino
levulinic dehydrase is competitively inhibited by a series of substituted 
acetic acids in the following order: δ-oximinolevulinic acid > δ-chloro-
levulinic acid > β-ketoadipic acid > 2-amino-4-thiazolepropionic acid > 
δ-acetamidolevulinic acid (104). 

3. NITROGEN MUSTARD THERAPY 

The use of methylbis(0-chloroethyl)amine (nitrogen mustard, H N 2) in 
cancer chemotherapy is now widely recognized (see review in ref. 105). 
In 1953, a derivative was synthesized (106) in which the methyl group was 
replaced by a 7-carboxybutyryl group, the product being known as Ν ,N-
di-(2-chloroethyl)-p-aminophenylbutyrate. Its use is apparently accom
panied by less detrimental side effects than the parent compound H N 2, 
and it has been the subject of several clinical trials (see, for example, 107). 

4. D-BiOTiN METABOLISM AND ACTIVITY 

The growth-promoting activity of biotin, which may be regarded as a 
ω-substituted valeric acid, is antagonized by several analogues, such as 
dethiobiotin (108), homobiotin (109), norbiotin (109), and biotin sulfone 
(108). The oxidation of biotin by guinea-pig kidney cortex slices is strongly 
inhibited by bishomobiotin (110), a compound which has little ability to 
prevent the stimulation of bacterial growth by the vitamin (109). The 
normal fatty acids are also inhibitors of the oxidation of the side chain of 
biotin to C 02 (110), although the effects may be due to competition or 
interaction of CoA derivatives, isotopic dilution, or even uncoupling 
effects. Bishomobiotin, however, has little or no effect on the oxidation of 
butyrate by guinea-pig kidney slices (110). 
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5. ANTIBIOTICS 

Some of the antibiotics described recently contain a multimembered 
lactone structure, many of the carbon atoms of the ring being substituted 
with methyl or hydroxyl groups. Included in this category are such anti
biotics as erythromycin, methymycin, narbomycin, picromycin, magna-
mycin, and oleandomycin. The chemistry and biochemistry of these 
compounds have been reviewed by Chain (111). 

6. NEUROPHYSIOLOGICAL EFFECTS 

In 1953, Florey described (112) a factor present in mammalian central 
nervous tissue which inhibited the discharge of the crustacean stretch re
ceptor neuron. Subsequent work (118) showed that 7-aminobutyric acid 
is present in such extracts and could bring about this inhibitory effect. 
The biological properties of 7-aminobutyric acid and related compounds 
have been recently reviewed (114). It might be noted that 7-aminobutyryl-
choline also occurs in the brain and in other organs, but has properties 
which differ from those of the corresponding acetyl, propionyl, and butyryl 
esters of choline (115). 

Other ω-amino fatty acids have been described and their physiological 
activities investigated. Of particular interest are e-aminohexanoate and 
ω-aminooctanoate which show excitatory rather than inhibitory effects 
(116). 

7. AROMATIZATION 

It has been reported that cyclohexanecarboxylate and some of its deriva
tives may be aromatized to form benzoate and eventually hippurate (117). 
At the same time, it was shown that cyclohexanecarboxylate can inhibit 
the oxidation of octanoate by rabbit-liver homogenate. No mention was 
made of the possible effects of fatty acids on the aromatization of cyclo
hexanecarboxylate, although from the data of Beer et al. (117) it seems 
that the latter process may involve formation of a CoA derivative and 
hence be sensitive to the presence of other acyl CoA esters. 
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