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I. INTRODUCTION

In laboratories oriented toward experimental rather than clinical pathology,
the study of carbon tetrachloride poisoning has attracted more attention than
the study of any other hepatotoxin. For investigators not engaged in this work,
and for clinicians who see hundreds of alcoholics for every case of carbon tetra-
chloride poisoning, the concentration on carbon tetrachloride may appear
misguided. However, if experimental cellular pathology is ever to be capable of
predicting rationally the reactions of cells to injurious agents, it is the properties
of the biological substratum that must be studied. This substratum is so compli-
cated and subtleinits responses to foreign agents, that there is a decided advantage
in studying the simplest substances capable of producing devastating effects,
short of immediate death. If the detailed unravelling of physiological and bio-
chemical mechanisms involved in the reaction of living cells to a relatively simple
chemical compound such as carbon tetrachloride cannot be achieved, then even
greater difficulties can be expected for the study of the reactions of cells to
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chemically more complex substances. From this point of view, the work reviewed
here is to be judged not in terms of its relation to clinical medicine, but rather
as the current expression of one of the oldest and richest traditions in medical
research, clearly formulated by Claude Bernard (see ref. 323): “Poisons can be
used as agents for the destruction of life, or as a means of curing diseases; but
besides these two uses well known to everyone, there is a third which particularly
interests the physiologist. For him, a poison becomes an instrument which
dissociates and analyzes the most delicate phenomena of the living machine,
and, by studying attentively the mechanism of death due to different poisons,
he comes to know by an indirect way the physiological mechanisms of life.”
Within this context, work of the past decade has achieved results of exceptional
clarity, especially with regard to the fatty changes. The situation with regard
to necrosis is less clear. This review will examine critically the major hypotheses
that have guided this work.

Historical background

Chloroform was first used as an anesthetic in 1847. In an entertaining review,
Hardin (134) cited descriptions by forgotten heroes of the 19th century of their
own reactions to chloroform and carbon tetrachloride, taken orally or by inhala-
tion. Acute yellow atrophy of the liver, the key pathological involvement in
delayed chloroform poisoning, was well known by the turn of the century.
Gradually, use of chloroform as a general anesthetic waned. It was also realized
that as an anesthetic agent carbon tetrachloride was both more toxic and less
effective than chloroform. Subsequently, the menace of carbon tetrachloride as
an industrial poison impressed itself on the medical generation of the late 19th
and early 20th centuries. By 1921 the anthelmintic properties of oral carbon
tetrachloride became known (134) and in the ensuing years the toxicity of this
compound was once again firmly impressed on a new generation of medical
workers. In the first 25 years of the present century, work was directed mainly
toward study of dietary conditions which either ameliorated or exacerbated the
toxic effects (reviewed in ref. 343). Relatively little work was aimed directly at
understanding the mechanisms involved. Nevertheless, the major features of
the problem had emerged: Why is the liver particularly affected? What is the
initial lesion? Which cell structures are initially attacked, and in what manner
are they attacked? What is the basis for the lipid infiltration? What is the basis
for the extensive hepatocellular necrosis, and for its predominantly centrilobular
and midzonal disposition?

An essentially complete frame of reference for study of hepatic lipid accumula-
tion had been achieved by 1944 (322). It was known that the amount of fat in
the liver is the result of complex opposing processes. At least in theory, an in-
creased level of triglycerides in the liver could occur as a result of increased de-
livery of substrates to the liver by the blood, decreased transfer of triglycerides
from liver to plasma, increased intrahepatic biosynthesis, or decreased intra-
hepatic oxidation. More recently, the discovery that «,8-diglycerides are pre-
cursors in the biosynthesis of triglycerides as well as phospholipids, suggested
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that a decreased rate of conversion of a,B-diglycerides to phospholipids might
account for increased triglyceride levels. Successive attempts have been made to
decide which of these processes has been altered by carbon tetrachloride poison-
ing. Not until 1960 was the pathophysiological basis for this kind of fatty liver
clearly established, and since that time progress in study of cellular and enzymic
mechanisms has been rapid. Recent work has permitted new insights into re-
lated questions concerned with the unique susceptibility of the liver of some
animals to carbon tetrachloride, the possible nature of the primary lesion, and
possible biochemical mechanisms underlying hepatocellular necrosis.

II. THE PHOSPHOLIPID HYPOTHESIS

Until about 1948, much of the thinking in the field of lipid metabolism was
dominated by the phospholipid hypothesis. It was believed that long-chain
fatty acids were transported from organ to organ in the aqueous phase of the
plasma in ester linkage as phospholipids. Since phospholipids contain hydrophilic
centers, they are more water soluble than triglycerides. It seemed inconceivable
that triglycerides, substances like butter and lard, could be transported as such
through the plasma compartment. Dietary fatty livers were attributed to the
absence of some component essential for the synthesis of phospholipids, or to the
presence of substances which interfered with their synthesis (237, p. 425). The
fatty liver of the pancreatectomized dog maintained on insulin, the fatty liver
of diets deficient in choline or methionine, the fatty liver resulting from feeding
guanidoacetic acid, as well as other facts of nutritionally induced fatty liver
disease could be placed into meaningful perspective in terms of this phospholipid
hypothesis.

In fatty livers there was an increase in neutral fat, and a relative decrease in
hepatic phospholipids. In the parenchymatous cells of various tissues fatty
acids available for oxidation were thought to be those incorporated in phos-
pholipid molecules (237, p. 283). It was natural to imagine that in the damaged
liver, long-chain fatty acids might be diverted to triglycerides (believed to be
metabolically inert) since their presumed pathway of oxidation via phospholipids
was blocked. The main facts relevant to choline deficiency fatty liver lent further
support to the phospholipid hypothesis. It seemed likely that long-chain fatty
acids were normally removed from liver to plasma in ester linkage as phos-
pholipids, largely as lecithin, and, with failure of hepatic phospholipid metabolism
due to choline deficiency, the fatty acids “backed up” in the liver as triglycerides
(237, p. 434). The fact that choline added to the diet induced loss of accumulated
liver triglycerides only strengthened the prevailing view that fatty acids left the
liver in ester linkage as lecithin. It was easy to imagine that hepatotoxins such
as carbon tetrachloride, which produced massive hepatic necrosis, also interfered
with hepatic phospholipid synthesis. Thus the hypothesis could account for
toxic fatty liver as well as for the fatty liver of choline deficiency.

The phospholipid hypothesis died a slow death. In 1943, Fishler et al. (100)
showed that the liver was the major, if not the sole, source of plasma phospho-
lipids. These experiments had an important bearing on the prevailing view that
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phospholipids represented the transport form of fatty acids in the plasma. It
was known that fatty acids stored as triglycerides in the adipose tissues of the
body could be mobilized in response to demands for noncarbohydrate fuel. If
the liver was the sole source of plasma phospholipids, then mobilization of
adipose tissue fatty acids would have to occur in some form other than as phos-
pholipids. The experiments ot Fishler et al. (100) did not rule out a role for phos-
pholipids as a transport form of fatty acids away from the liver.

Zilversmit et al. (351) found that the turnover time for plasma phospholipid
phosphorus in the normal dog was 8 hours. Three years later it was shown that
when the liver was excluded from the circulation the total content of plasma
phospholipids did not change (91). If significant amounts of long-chain fatty
acids are carried from liver to peripheral tissues as phospholipids, on exclusion
of the liver one would expect the plasma concentration to decline as phospho-
lipids entered peripheral sites. When the liver of the animal was removed from
the circulation, the turnover time for plasma phospholipids was greatly extended,
up to 160 hours (91). It was clear that the liver was the principal organ concerned
with the elaboration as well as with the removal of plasma phospholipids. If
plasma phospholipids are both synthesized and degraded mainly in the liver,
they could not very well serve as a means for net transport of fatty acids from
liver to peripheral sites.

Depancreatized dogs maintained on insulin and fed a lean meat diet have
normal levels of liver fat. If insulin is withdrawn, large amounts of fat accumulate
in the liver. It is believed that the fatty acids which accumulate in the liver
under these conditions are derived from adipose tissue triglycerides. If the fatty
acids are transported as phospholipids, the turnover of plasma phospholipid
phosphorus should increase on withdrawal of insulin. Actually, removal of insulin
lowered the plasma phospholipid phosphorus turnover. It was possible to con-
clude that plasma phospholipids did not function in the transport of the fatty
acids (47). It was subsequently shown that the turnover times for the fatty
acid and phosphorus moieties of the phospholipid molecule were the same (342).
This work eliminated any doubt that studies of plasma phospholipid phosphorus
turnover might not be relevant to plasma phospholipid fatty acid turnover.
These experiments and much other work formed the base for one of the major
achievements in the whole of lipid physiology, v2z., the demonstration that fatty
acids in ester linkage as plasma phospholipids could not represent the transport
form of fatty acids in the plasma. The phospholipid hypothesis in its original
form was abandoned. However, the idea that pathological hepatic lipid accumu-
lation is due to failure of transport of hepatic lipid to the plasma has remained
at the center of the modern work. The idea that phospholipids play a role in
lipid transport has also persisted into the modern era, since it is now recognized
that phospholipids are integral parts of the complex lipoproteins which are the
transport form of triglycerides in the blood. In short, early workers con-
cerned with pathological accumulation of liver fat were, in the main. on the
right track, but failed to penetrate into the heart of the mechanisms involved
because of a misconception as to the role of phospholipids.
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III. THE MITOCHONDRIAL HYPOTHESIS

Work on carbon tetrachloride hepatotoxicity from 1954 to 1960 was dominated
by the mitochondrial hypothesis. By the beginning of this period development
of homogenization and differential centrifugation, coupled with advance in
knowledge of the biochemical functions served by various subcellular com-
ponents, made possible new approaches in the study of experimental cellular
pathology. Christie and Judah (49) and Dianzani (65) pioneered in the applica-
tion of cell fractionation to the study of toxic and nutritional liver injury. They
proposed that toxic liver injury for the hepatotoxins studied, and for choline
deficiency fatty liver as well (65), was fundamentally a matter of mitochondrial
degeneration. A disorganization of the tricarboxylic acid cycle was observed in
liver mitochondria 10 to 15 hours after carbon tetrachloride poisoning, and this
disorganization was reproduced by the action of carbon tetrachloride on liver
homogenates in vitro (49). Dianzani (65) found uncoupling of oxidative phos-
phorylation and suggested that accumulation of fat could perhaps be the result
of failure of fatty acid oxidation contingent on a deficiency in the supply of
adenosine triphosphate (ATP) needed for fatty acid activation.

That severe mitochondrial damage occurs in the liver after carbon tetrachloride
poisoning has since been abundantly confirmed. Liver mitochondria of rats
poisoned with carbon tetrachloride are swollen. This has been demonstrated for
mitochondria isolated by differential centrifugation of liver homogenates (70),
and also by electron microscopic study of the mitochondria n situ (7, 9, 17,
225). The swelling of otherwise normal liver mitochondria also occurs in witro,
as a result of the action of carbon tetrachloride (7, 199). Recknagel and Malamed
(260) showed that the mitochondrial swelling which occurs n vitro in osmotically
balanced media containing carbon tetrachloride is due to an increase in mito-
chondrial membrane permeability. As a result, the mitochondria release into the
surrounding medium cytochrome ¢ (74), pyridine nucleotides (26, 49, 66, 170,
250), vitamin B;; (169), thiamine diphosphate (71, 176), adenosine phosphates
(67), ubiquinone (1), citrate (258), and potassium (270, 302, 328). Mitochondria
from carbon tetrachloride-induced fatty livers exhibit uncoupling of oxidative
phosphorylation, loss of respiratory control, and ATP-ase activation (41, 65,
249, 250, 258, 270, 324) and these effects are produced by carbon tetrachloride
acting in vitro on mitochondria isolated from livers of normal rats (7, 8, 41, 250,
258). Oxidative functions of the mitochondria dependent on pyridine nucleotides
are impaired, both in mitochondria isolated from fatty livers after carbon tetra-
chloride administration to rats, and by the action of carbon tetrachloride on
isolated mitochondria (26, 41, 49, 66, 249, 250, 270). Octanoate oxidation is
impaired (72, 250, 258, 270) as well as fatty acid activation, both in vivo and
in vilro (282). Without exception the damage induced by carbon tetrachloride on
isolated mitochondria in vitro was paralleled by the action of carbon tetrachloride
in vivo. This evidence swayed some investigators (49, 61, 65, 73, 282) to the
view that carbon tetrachloride fatty liver was essentially a ‘“‘disease of the mito-
chondria” (269). However, other studies have permitted the conclusion that
lipid accumulation in carbon tetrachloride poisoning cannot be understood in
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terms of a primary attack on the mitochondrial elements of hepatic parenchymal
cells.

In 1956, in the first application of the electron microscope to hepatic histo-
pathology following carbon tetrachloride poisoning, Oberling and Rouiller (225)
reported that in the early stages of the lesion, during the first 4 to 6 hours, liver
mitochondria exhibited minimal structural alterations, whereas marked changes
in the appearance of the ergastoplasm were evident. The evidence from the elec-
tron microscopic studies could not reveal functional derangements, but it cast
doubt on mitochondrial involvement as the primary lesion. As early as 3 hours
after intoxication, total liver fat is significantly increased over control levels
(250). In the normal liver, triglycerides account for less than 10 % of total lipids.
Thus, when total lipids are measured, a large percent change in triglyceride con-
tent is obscured by nontriglyceride total lipid, mostly phospholipids, which,
after carbon tetrachloride poisoning, increase either very little (286) or not at all
(Recknagel, unpublished). Schotz and Recknagel (296) determined triglyceride
content of the liver after removal of phospholipids on silicic acid. Liver tri-
glycerides were elevated 34 % within 1 hour after carbon tetrachloride poisoning,
and 195 % within 3 hours. The rapid accumulation of triglycerides in the liver
after carbon tetrachloride poisoning has been confirmed (197, 242, 286, 293, 320).
It was known as early as 1958 (257, 261) that following intragastric administra-
tion, carbon tetrachloride reached its peak concentration in the liver within the
first several hours, and declined rapidly thereafter. This observation has also
been confirmed (8, 11, 178, 179, 181, 204). On the basis of these studies it was
apparent that if the mitochondrial hypothesis was to survive it would have to be
demonstrated that mitochondrial damage must occur during the first few hours
after carbon tetrachloride administration. Carbon tetrachloride in vitro induces a
clear-cut mitochondrial ATPase transformation (250). This test system was
applied to mitochondria isolated from livers of carbon tetrachloride poisoned
rats. Transformation of ATPase properties did not occur until 20 hours after
carbon tetrachloride poisoning (250). Loss of respiratory control by liver mito-
chondria also did not occur until 20 hours after carbon tetrachloride administra-
tion (250).

Loss of bound pyridine nucleotides from aged mitochondria of carbon tetra-
chloride poisoned rats was a key observation in the original argument of Christie
and Judah (49). The observation was confirmed by Recknagel and Anthony (250),
who showed that the phenomenon as observed by Christie and Judah was an
artifact of the conditions of measurement and that as late as 15 hours after
carbon tetrachloride poisoning no deficiency of diphosphopyridine nucleotide
could be demonstrated. There can be no doubt that in the period from about 10
to 15 hours after carbon tetrachloride poisoning, and perhaps even earlier, the
liver mitochondria have been altered in some way, since aged mitochondria from
carbon tetrachloride-poisoned rats rapidly lose pyridine nucleotides when sub-
sequently incubated at 38°C in the hypotonic medium of Christie and Judah
(49), whereas aged mitochondria from normal livers do not show such a loss
under the same conditions. However, the alteration must be an exceedingly
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subtle one, since it clearly does not involve loss of pyridine nucleotides from
the mitochondria in vivo. The biochemical nature of the alteration has not been
further elucidated.

The validity of the mitochondrial hypothesis was further questioned by other
work. Calvert and Brody (41) confirmed the activation of Mg++-dependent
ATPase of liver mitochondria as a late phenomenon in carbon tetrachloride
poisoning, evident 20 hours after intoxication. Share and Recknagel (302)
showed that the capacity of mitochondria to maintain a positive inside-to-out-
side potassium gradient is rapidly lost when mitochondria are treated with carbon
tetrachloride in vitro. However, 4.5 hours after carbon tetrachloride poisoning,
when triglyceride accumulation is occurring rapidly in the whole animal, there
is no defect in the capacity of potassium-depleted liver mitochondria to reac-
cumulate potassium ions.

Endogenous citrate of rat liver is localized in the mitochondrial fraction (291).
Mitochondrial citrate is almost completely lost if the mitochondria are suspended
for brief periods in vitro at 0°C in isotonic sucrose containing carbon tetra-
chloride (258). However, as late as 13 hours after carbon tetrachloride administra-
tion to rats, endogenous mitochondrial citrate is not only fully retained throughout
homogenization and subsequent isolation procedures, but carbon tetrachlo-
ride-poisoned rats responded to intraperitoneal fluoroacetate with a marked
elevation of mitochondrial citrate levels, none of which is lost during 3 hours of
storage (258). When it is kept in mind that fluoroacetate poisoning, although
eventually a matter of aconitase inhibition by fluorocitrate, involves the primary
formation of fluoroacetyl coenzyme A, in an ATP-dependent activation reaction,
and that eventual citrate accumulation requires the integrity of the citrate con-
densing enzyme and maintenance of the supply of acetyl coenzyme A and
oxaloacetate, it must be recognized that the experiments which tested the
capacity of carbon tetrachloride-poisoned rats to respond to a subsequent chal-
lenge with fluoroacetate represented a severe trial of the structural and functional
integrity of their liver mitochondria. There simply was no evidence of serious
mitochondrial involvement during the first 13 hours after carbon tetrachloride
poisoning, during which time liver triglyceride content is greatly elevated. These
experiments offered no hope for the mitochondrial hypothesis. Subsequently,
Reynolds et al. (270) found that oxidation of octanoate, glutamate, 8-hydroxy-
butyrate, and succinate, all were at control levels throughout the first 10 hours
after carbon tetrachloride poisoning, but were markedly depressed by 20 hours.
Oxidative phosphorylation was maintained at normal levels for 16 hours. With
large doses of carbon tetrachloride, Artizzu and Dianzani (8) found a significant
decrease of the P/O ratio as early as 2 hours, but not at 15 minutes, 30 minutes
or 60 minutes. Respiratory control was also unaffected during the first hour.
Total lipid was significantly elevated within the first hour. These experiments
have demonstrated that the early accumulation of fat following carbon tetra-
chloride poisoning is independent of mitochondrial damage. The possible in-
volvement of the mitochondria in the necrogenic action of carbon tetrachloride
on the other hand is still an open question.
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In summary, from 1954 to 1960, the mitochondrial hypothesis had served as
the central organizing idea for the most productive and most provocative work
of that period. Its most valuable contribution was methodological. Its proponents,
by introducing the methods of biochemical cytology and enzyme assay, had raised
the study of experimental hepatotoxicity to a technological level of sophistica-
tion unknown to earlier workers. However, by 1959 confidence in the substantive
generalizations of the mitochondrial hypothesis had vanished and in that year
work in this area moved off into 2 entirely new and completely independent direc-
tions. One of these lines of work for the most part relied on cell fractionation.
Attention was turned to the study of the effects of carbon tetrachloride on en-
zyme systems of the microsome fraction. Cogent evidence soon appeared that the
primary locus for the action of carbon tetrachloride was in the endoplasmic reticu-
lum of the hepatic parenchymal cells. This work was in the classical tradition
which assumed that carbon tetrachloride toxicity was fundamentally a ques-
tion of a toxic reaction in the liver. A review of the main findings and how they
led to a new insight into the pathophysiological basis for hepatic triglyceride
accumulation will be given subsequently.

A parallel line of work attempted to understand both the hepatic lipid ac-
cumulation and the necrosis of carbon tetrachloride poisoning as a manifesta-
tion of massive catecholamine discharge. A catecholamine hypothesis for carbon
tetrachloride hepatotoxicity was created. A review of this work follows.

IV. THE CATECHOLAMINE HYPOTHESIS. PART 1: NECROSIS

This subject has been ably reviewed by Plaa and Larson (240) and the follow-
ing account rests on their treatment. Brody (30) first proposed in 1959 that both
hepatic necrosis and hepatic lipid accumulation of carbon tetrachloride poison-
ing were due not to a direct effect of the toxic agent on liver cells, but to a massive
and persistent discharge of the sympathetic nervous system occasioned by an
action of carbon tetrachloride on the central nervous system. Supporting evi-
dence for the hypothesis was presented in a series of papers (30-33, 42-44, 219,
319). It was suggested that the alleged massive discharge of the sympathetic
nervous system had 2 consequences of importance to the liver: diminished
hepatic blood flow with associated centrilobular hypoxia, which would account
for the centrilobular necrosis, and enhanced mobilization of fatty acids from
peripheral stores, which would account for the fatty liver. The historical roots
of this hypothesis were deep in the past (58, 202, 233). In 1947 Himsworth
(147) had conceived of carbon tetrachloride acting directly on the hepatic cells
causing swelling and mechanical obstruction of sinusoidal blood flow. This theory
dominated the thinking of some of the leading workers in hepatic pathology for
many years (e.g., 86, 220). In 1963, strengthened by the experimental and specu-
lative work of Brody and co-workers, this view had not been abandoned (87),
aithough sharp criticism of the vascular theory had been presented by Stoner
and Magee in 1957 (323).

What was new in the speculations of Brody and co-workers was emphasis on
the brain as the primary locus of action of carbon tetrachloride. The hypothesis
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was based on indirect evidence. Hepatic blood flow was not monitored during
the 24-hour postintoxication period, and tissue hypoxia was not demonstrated.
Distressing uncertainties attend any efforts to determine hepatic cellular oxygen
tensions i situ (23). Plasma fatty acid levels also were not monitored. The ex-
perimental evidence marshalled in support of the hypothesis rested on results
obtained with high cord section, adrenalectomy, reserpine, and adrenergic block-
ing agents. The most dramatic results were obtained when rats previously sub-
jected to transection of the spinal cord at the vertebral level of C-6 were studied
4 to 24 hours after surgery. In these animals, the usual liver injury did not occur
20 hours after an oral dose of carbon tetrachloride. There was no centrilobular
necrosis, and no lipid accumulation. The liver mitochondria exhibited no activa-
tion of latent Mgtt-dependent ATPase activity. Oxygen consumption and
associated esterification of inorganic phosphate were maintained at near normal
levels.

Adrenalectomized rats given carbon tetrachloride exhibited little or no hepatic
lipid accumulation. Protection against hepatic necrosis was minimal, and al-
though mitochondrial P/O ratios tended to be maintained, both oxygen uptake
and inorganic phosphate esterification were both depressed about 60 %. Protec-
tion against activation of latent mitochondrial Mg**-dependent ATPase was
minimal and variable.

Treatment with reserpine for 5 days prior to carbon tetrachloride administra-
tion also gave some protection against the usual mitochondrial degeneration seen
20 hours after intoxication. Subcutaneous administration of phenoxybenzamine,
ergotamine, or tolazoline either shortly before or coincident with carbon tetra-
chloride administration tended to maintain mitochondrial P/O ratios at normal
levels, although here also both oxygen uptake and inorganic phosphate esterifica-
tion were depressed 50 to 60 %. Necrosis was much reduced, but the adrenergic
blocking agents were not very effective in preventing hepatic lipid accumulation.
Pretreatment of rats with large doses of 8-TM10 [2-(2,6-dimethylphenoxy)propyl
trimethylammonium chloride] maintained mitochondrial oxidative phosphoryla-
tion. Necrosis was minimal, but lipid accumulation was marked. Guanethidine
and bretylium were less effective (31).

These results show that certain indices (mitochondrial function, fatty infiltra-
tion, necrosis) indicative of the usual response to carbon tetrachloride could be
prevented or ameliorated by suitable prior manipulations of the experimental
animals. The authors proposed that carbon tetrachloride initiated a sequence
of events, beginning with central excitation and ending with massive and per-
sistent sympathetic discharge. Any interruption of anatomical or chemical
pathways leading eventually to discharge and effective action of catecholamines
would protect against the toxic agent. An alternative hypothesis is embodied in
the notion of permissiveness. Permissiveness in the physiological sense implies
that even though a particular physiological system may not be directly involved
in the reaction of the whole animal to an imposed environmental change, never-
theless the functional integrity of such a permissive system must be maintained
if the imposed environmental change is to elicit some specific effect. Physiological
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systems with a permissive role, although indispensable, are nevertheless only
supportive. Brody and co-workers did not consider the possibility that in their
experimental animals, carbon tetrachloride did in fact concentrate in the liver,
as had been reported in 1958 (257, 261) for intact rats, and that the liver was
in fact the primary site of the response to the toxic agent, as had been held for
so many years, but that their particular experimental animals, cord-sectioned,
adrenalectomized, or dosed with adrenergic blocking agents were simply not
capable of responding to carbon tetrachloride with the usual hepatic involve-
ment as would an otherwise intact animal. Put still another way, Brody and co-
workers did not ascertain whether their procedures yielded experimental condi-
tions with far more restricted boundary conditions than are implied in work with
intact animals. There is little doubt that the experimental results obtained with
cord-sectioned rats can be understood only in terms of the latter possibility, and
not in terms of the catecholamine hypothesis chosen by Brody (30) and Calvert
and Brody (42).

The remarkable protection afforded by spinal cord transection was confirmed
by Larson and Plaa (179) and by Larson et al. (183), but the degree of protection
depended on the dose in a curious way. Intact rats exhibited increasing micro-
scopic damage in liver cells as the oral dose of carbon tetrachloride was raised
from low to high levels. Prior cord section at C-7 gave maximal protection against
a large dose of carbon tetrachloride, in confirmation of Brody (30) and Calvert
and Brody (42), but at the lowest doses the effect was more severe in cord-sec-
tioned rats than in the corresponding intact controls. With their suspicions
aroused, Plaa and Larson (240) began a systematic and penetrating analysis of
the problem. They first eliminated the possibility that reduced absorption might
be at the root of the protective effect (179, 181, 183). The correct line of work
was found when it was noted that control over temperature regulation was lost
after high-cord section. The fact that cord-sectioned animals cannot maintain nor-
mal body temperature has been known for a long time (see 303). Rats rapidly
become poikilothermic after transection at C-7; within 1 to 2 hours rectal tem-
peratures drop to about 28°C (180, 181). Larson and Plaa (180) then carried
out the critical experiment. When cord-sectioned rats were given carbon tetra-
chloride as usual, but were maintained at 36°C in an incubator, severe centri-
lobular necrosis developed (192). Hypothermia induced by immersion of intact
rats in cold water resulted in a protective effect comparable to that of cordotomy
(181), and it was shown that the latter effect was not due to failure of carbon
tetrachloride to reach the liver. Furthermore, cord-sectioned rats at room
temperature did develop hepatic lesions if carbon tetrachloride was administered
in 3 successive doses over a 36-hour period (180), and even after a single dose of
the toxic agent, cord-sectioned rats exhibited extensive hepatic lesions within
55 to 65 hours (181). It was also shown (179, 183) that the degree of protection
afforded by cordotomy was lessened as the level of transection was lowered
(transection at L-4 failed to protect), and that low-cord section did not result in
hypothermia.

The fact that normothermie, cord-sectioned rats are not protected rules out a
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key role for the central nervous system as the primary locus for the action of
carbon tetrachloride. Conversely, the fact that hypothermic, intact rats are
protected supports the view that the protection is due to the hypothermia. Why
do hypothermic rats exhibit such a remarkable resistance to the toxic effects of
carbon tetrachloride? Larson and Plaa (181) noted that whole-body oxygen
consumption of C-7 transected rats maintained at room temperature dropped to
50 % of normal within 1 hour, and to 30% by 5 hours. At 28°C, which is body
temperature for rats within 1 to 2 hours after high-cord section (181), oxygen
consumption of the isolated perfused liver was only 20 to 30 % of control values
at 37.7°C (24). It would thus appear that in hypothermic rats hepatic oxygen
uptake must be considerably reduced, and that this reduction in metabolism
in some way results in the protection.

A number of other studies have not supported the idea that “histotoxic anoxia”
is responsible for centrilobular necrosis, or that the catecholamines could be
playing a significant, direct role in the response to the toxic agent. Brauer et al.
(25) showed in 1961 that if the isolated, perfused rat liver was exposed to anes-
thetic levels of chloroform, within 30 minutes there was massive glucose “dump-
ing,”” arrest of bile secretion, sodium space expansion, and histological changes
similar to those seen in vivo. These changes occurred in preparations perfused
with fully oxygenated blood, and in the face of perceptible vasodilation. Brauer
(23) rejected the notion that the primary liver lesion resulting from exposure to
chloroform or carbon tetrachloride is dependent on any vascular changes.
Heimberg et al. (143) have reported that addition of small amounts (5 to 10 ul)
of carbon tetrachloride to the portal vein catheter of an isolated, perfused rat
liver results in inhibition of the release of triglycerides into the perfusion medium.
Mediation of the inhibition by catecholamines in such a system is not likely. The
inhibition of triglyceride release caused by carbon tetrachloride could be demon-
strated when perfusion flow rates were unaffected, and addition of adrenergic
blocking agents or reserpine did not diminish the inhibitory action of carbon
tetrachloride.

Stern and Brody (319) reported that catecholamine excretion is enhanced
after exposure to carbon tetrachloride and Brody (31) considered this as evidence
in favor of his hypothesis (see also 284). Larson and Plaa (181) administered large
doses of norepinephrine, epinephrine, or mixtures of these to rats, intraperi-
toneally or by direct infusion into the hepatic portal vein or into the aorta above
the coeliac axis. Continuous infusion was carried out in some cases as long as
20 hours. The rats were unanesthetized and normothermic. No hepatic lesions
characteristic of carbon tetrachloride poisoning resulted even in animals which
received by direct intrahepatic infusion during 20 hours amounts of norepi-
nephrine 2.5 times the total amount of catecholamines and their metabolites
which they calculated could have been excreted by the whole animal in a com-
parable length of time on the basis of the data of Stern and Brody (319).

Further evidence against the catecholamine hypothesis has come from applica-
tion of methods developed by Levi-Montalcini (190) for producing immunological
sympathectomy in rats. Larson et al. (182) prepared immunologically sym-
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pathectomized rats with antisympathetic nerve growth factor. Even after ad-
renal demedullation, these animals developed hepatic lipid infiltration and necrosis
after administration of carbon tetrachloride. The animals were normothermic.

This work permits the firm conclusion that the catecholamines could not play
a critical role in the effects of carbon tetrachloride that culminate in hepatocellular
necrosis.

V. THE CATECHOLAMINE HYPOTHESIS. PART 2: HEPATIC LIPID INFILTRATION

The catecholamine hypothesis, in addition to postulating massive and per-
sistent discharge of the sympathetic nervous system as a precondition for carbon
tetrachloride-induced hepatic necrosis, also postulated that hepatic lipid ae-
cumulation depended on an oversupply of fatty acids reieased from adipose tissue
via catecholamine discharge (30, 42). The core of this hypothesis is clearly the
assumption that the hepatotoxic agent, via hormonal and neurohumoral dis-
charge, clicits a rise in plasma fatty acid levels sufficiently high and sufficiently
sustained to result in pathological accumulation of fat in the liver.

There is no doubt that experimental conditions can be found in which hepatic
triglyceride accumulation can be induced as a result of increasing the supply of
plasma fatty acids. Nestel and Steinberg (223) produced triglveeride accumula-
tion in the isolated rat liver by greatly incrcasing the concentration of fatty
acids in the perfusion fluid. However, the pertinence of such an experiment to
the problem of pathological fatty liver is highly questionable. In their perfusion
system, oxidative removal of added fatty acids would be highly unlikely. For
every mole of fatty acids oxidized, a very large number of moles of fatty acids
could be converted to triglycerides. This no doubt accounts in part for the well
known capacity of the liver to convert fatty acids rapidly to triglycerides, which
their experiments demonstrated. The problem is not to make triglycerides; the
problem is to get rid of the triglycerides. As discussed elsewhere in this review,
movement of triglycerides from the liver, as very low-density lipoprotein, is a
major pathway over which the flux of fatty acids is very large. In the intact
animal, low-density lipoprotein triglycerides are rapidly removed at various
peripheral sites freeing the carrier apoprotein, and presumably other nontri-
glyceride components, for re-entry into the hepatic triglyceride secreting mecha-
nism. This system accomplishes the efficient removal of liver triglycerides in the
intact animal. In the perfused liver experiments of Nestel and Steinberg (223)
quantitatively significant exit of triglycerides from the liver was a virtual im-
possibility. The perfusion medium contained no apoprotein carrier and even
if any had been present it soon would have been loaded with triglycerides, which
could be deposited nowhere else but back into the liver. Looked at another way,
the experiment of Nestel and Steinberg (223) is an excellent demonstration in
support of the view that exit of triglycerides from liver to plasma does indeed
depend on availability of carrier apoprotein in the plasma. But their experi-
ment, which permitted deposition of hepatic triglycerides but did not provide
for their removal, cannot be regarded as evidence in support of the view that
fatty liver depends on oversupply of fatty acids from the periphery.
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Fatty liver can be produced in the whole animal by raising the plusma fatty
acid level. On subcutaneous injection of an extract of Iyvophilized hog pituitary
glands, plasma fatty acid levels rose almost 10-fold within 2 hours and remained
elevated for 18 hours, and there was a gradual, progressive rise in liver fat con-
tent (287). In a dog anesthetized with thiopental, on intravenous infusion of
norepinephrine, piasma fatty acid levels rose promptly to 10 times control levels
and remained elevated as long as norepinephrine infusion was maintained; liver
triglyceride content rose progressively during the period when plasma fatty
acid levels were elevated (97). It should be particularly noted that in these cases
hepatic triglyceride accumulation occurred as a result of a marked and sustained
rise in plasma fatty acid levels. However, to understand the mechanism of action
of hepatotoxic agents, the pertinent question is whether during the time when a
hepatotoxin is producing an increase in liver triglycerides in the intact animal
has there in fact been an accelerated release of free fatty acids from adipose tissue,
and, if so, whether the over-supply is of sufficient magnitude and duration to
account for the hepatic lipid accumulation. I'rom this point of view the evi-
dence is not convineing.

A moderate elevation of plasma fatty acid levels for a short period of time
does not lead to increased liver fat. For example, Brodie and Maickel (2S) noted
that a single dose of catecholamines is not sufficient to produce an increase in
liver triglyceride levels. In our laboratory we gave rats 2 successive subcutaneous
doses of norepinephrine at 2-hour intervals. Each dose of norepinephrine was
sufficient to maintain plasma fatty acid levels elevated for 2 hours. These rats
were sacrificed after 4 hours. Liver triglyceride levels were not elevated.

After intragastric or intraduodenal administration of carbon tetrachloride,
hepatic triglyceride rises linearly for 20 to 24 hours (286; Recknagei, unpublished;
see also 320). If this lipid accumulation were the result of elevated plasma fatty
acids, the elevation ought to begin promptly after administration of carbon
tetrachloride and persist for at least 20 hours. Yet investigators have found that
plasma fatty acids do not rise under these conditions (197, 242, 251, 294) or
that their elevation is either too little or too late to account for the accumulation
of triglycerides in the liver (205, 265, 320).

Control of plasma fatty acid flux appears to be exercised in the adipose tissue
(6, 99, 209). Turnover time in the plasma compartment is not dependent on
plasma concentration, and increases and decreases in the steady state concentra-
tion of fatty acids are indices of corresponding increases or decreases in flux.
Stern et al. (320) recognized the possibility that control of fatty acid flux might
be disturbed in carbon tetrachloride poisoning and suggested the possibility
that a constant steady state level of plasma fatty acids might not reflect a change
in turnover rate. However, Schotz et al. (294) and Recknagel and Ghoshal (251)
found that flux of fatty acids through the plasma compartment 4 hours after
carbon tetrachloride poisoning was unaltered in comparison with control animals
(see table 1).

Brodie and co-workers (27, 29) and Horning et al. (155), on the basis of gas-
chromatographic analysis of liver triglycerides following carbon tetrachloride



158 RECKNAGEL

poisoning, concluded that the fatty acids of the deposited triglycerides had
originated in the adipose tissue. However, a demonstration that newly deposited
liver fatty acids have come from adipose tissue is not equivalent to a demonstra-
tion that the rate of movement of fatty acids from adipose tissue has increased.
If the normal flux is of sufficient magnitude to supply fatty acids to the liver at
a rate equal to or greater than the rate at which fatty acids are trapped as tri-
glycerides in the liver, then no oversupply need be postulated. Evidence presented
below indicates that the normal flux of fatty acids is more than adequate to
supply the fatty acids trapped in the carbon tetrachloride-poisoned liver.

Further evidence against the view that carbon tetrachloride intoxication leads
to a massive and persistent discharge of the sympathetics was offered by Schotz
and Recknagel (295). They showed that administration of epinephrine to rats
resulted in an increased rate of release of fatty acids from subsequently excised
adipose tissue in vitro, 1.e., the excitatory effect of catecholamines in vivo sur-
vived extirpation of the target organ. However, no increase in rate of release of
fatty acids could be detected from adipose tissue extirpated from rats 14, 4 or 9
hours after intragastric administration of carbon tetrachloride. Since the dose of
carbon tetrachloride was sufficient for production of marked triglyceride ac-
cumulation in the liver, the latter can certainly occur either without a support-
ing adrenal discharge, or with an adrenal discharge so weak that it cannot sur-
vive extirpation of adipose tissue. In this connection, Rubinstein (284) reported
that plasma levels of epinephrine were elevated 2 hours after intraduodenal ad-
ministration of carbon tetrachloride to rats, but by 4 hours plasma epinephrine
levels were normal. This observation again shows that although there may be
some excitation of the sympathetic nervous system after administration of car-
bon tetrachloride to rats, such excitation is minimal and transitory.

Part of theevidence cited by Brody (30) and Calvert and Brody (42) in support
of the catecholamine hypothesis consisted in the observation that adrenalectomy,
although only minimally protective against hepatic necrosis, did protect rats
against carbon tetrachloride induced lipid accumulation. The experimental situa-
tion here is an exact parallel of that discussed above in connection with the effects
of high-cord section on carbon tetrachloride induced hepatic necrosis. Two
different interpretations are possible: (1) The hepatotoxin initiates a sequence of
events beginning with activation of either or both the sympathetic and the
pituitary-adrenal systems leading to an outpouring of lipid mobilizing humoral
and neurohumoral substances, which in turn accelerate the flux of fatty acids
through the plasma fatty acid pool. The oversupply of fatty acids from the
periphery is then deposited in abnormal amounts in the liver. (2) Hypophy-
sectomy, adrenalectomy, dosing with sympatholytic drugs, or adrenal demedulla-
tion plus reserpine yields an experimental situation with far more restricted
boundary conditions than are implied in work with intact animals. The rats
may be so deficient in their capacity to mobilize depot lipid that hepatic tri-
glyceride accumulation would not be possible, or would be greatly attenuated,
even though a primary hepatic lesion had in fact been sustained. It has been
known for many years (247) that adrenalectomy markedly diminishes hepatic
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lipid accumulation ordinarily seen with a variety of agents or conditions, in-
cluding phosphorus poisoning, partial hepatectomy, diabetes mellitus, exposure
to cold, fasting, and administration of colchicine, ethionine, or anterior pituitary
extract. It is most unlikely that all of these agents or conditions produce fatty
liver in intact animals via catecholamine discharge and oversupply of fatty acids
from adipose tissue. A far more plausible unifying assumption is that the amelio-
rating effect of adrenalectomy on hepatic lipid accumulation ordinarily produced
by such a wide variety of drugs, poisons, endocrinological disturbances, dietary
conditions and stresses is due to a failure to mobilize adipose tissue fatty acids.
If carbon tetrachloride fails to elicit fatty liver in hypophysectomized or ad-
renalectomized rats, then the most plausible assumption is that the toxic agent
has exerted its effect on the liver more or less as usual, as witnessed by the fact
that adrenalectomy is only minimally effective against carbon tetrachloride
hepatonecrosis, but fatty infiltration does not develop because of restriction in
the supply of necessary raw materials from which to construct hepatic tri-
glycerides. The latter possibility is in fact given strong support by recent work
of Poggi and Paoletti (243), who showed that body temperature of adrenalec-
tomized rats given carbon tetrachloride drops to about 30°C within 4 hours and
that liver triglycerides do not increase in hypothermic, adrenalectomized rats
within the first 4 hours after carbon tetrachloride feeding. They concluded that the
“...presence of adrenal hormones is only important because it abolishes the
fall in body temperature induced by CCl, administration in adrenalectomized
animals and it is nonessential when body temperature is kept normal with
physical means. . ..” However, the above conclusion is not supported by their
data. For example, in otherwise normal rats given carbon tetrachloride, the data
of Poggi and Paoletti (243) reveal that the increase in liver triglycerides was
almost 4 times the increase in liver triglycerides recorded for normothermic,
adrenalectomized rats given the same dose of carbon tetrachloride. Even though
normothermic, the adrenalectomized rats are not responding to the hepatotoxin
as are their eucorticoid controls. Again, the data show that after adrenalectomy,
post-Triton triglyceridemia (see below) was markedly reduced in rats not given
carbon tetrachloride. Since the livers of such animals are presumably intact, the
result indicates that adrenalectomy has reduced the flow of free fatty acids from
adipose tissue. Further, Poggi and Paoletti (243) gave Triton intravenously to
adrenalectomized rats maintained on corticosterone. These animals presumably
had intact livers and were normothermic. Yet post-Triton triglyceridemia in
these animals was only 14 that which these authors reported for intact animals.
These observations are not consistent with the view that the role of the adrenal
gland in carbon tetrachloride poisoning is confined to maintenance of body tem-
perature. On the contrary, they indicate rather clearly that maintenance of the
normal flow of fatty acids from adipose tissue depends on the presence of the
adrenals. It may be recalled that in otherwise normal animals given carbon tetra-
chloride, increase in liver triglycerides begins within the first hour and continues
for many hours. It seems highly unlikely that the combined effects of carbon
tetrachloride and adrenalectomy on reduction of body temperature could
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seriously affect the destructive action of carbon tetrachloride on the hepatic
triglyceride secreting mechanism, an action which takes place very rapidly after
intoxication.

Adrenalectomized rats given carbon tetrachloride fail to develop fatty livers
because in such animals, in addition to any hypothermic effects as reported by
Poggi and Paoletti (243), the flux of fatty acids from adipose tissue to liver is
too low to sustain hepatic triglyceride synthesis at rates sufficient to achieve
abnormal accumulation. A similar situation appears to obtain in hypophysec-
tomized rats given carbon tetrachloride. In unpublished work in our laboratory
we showed that carbon tetrachloride administration to hypophysectomized rats
resulted in no demonstrable increase in liver fat over the first 11 hours. We
showed also that post-Triton triglyceridemia in hypophysectomized rats was re-
duced to about half that of normal Tritonized controls; this finding indicates
that mobilization of fatty acids following hypophysectomy is reduced.

The central idea in this analysis is that the pituitary-adrenal axis and sympa-
thetic system play mainly, or exclusively, a supportive role permitting a normal
supply of fatty acids. In animals subjected to the action of hepatotoxins, the
fatty acids are retained in the liver because of a primary hepatic dysfunction.
The importance of this analysis of the problem is the following: The fact that
animals rendered nonfunctional with respect to pituitary-adrenal and sympa-
thetic activity do not develop fatty livers in response to hepatotoxic agents can-
not arbitrarily be used to support the peripheral oversupply hypothesis, since a
cogent, alternate explanation of the experimental findings, with supporting data,
is available. Support for the oversupply hypothesis must rest on an unequivocal
demonstration that the hepatotoxin has in fact produced an accelerated flux of
fatty acids of sufficient magnitude and duration to account for the hepatic lipid
infiltration.

In summary, the available data do not support the view that after carbon
tetrachloride poisoning an accelerated movement of fatty acids from peripheral
adipose tissue occurs. If the hypophyseal-adrenocortical axis, or the sympathetic
nervous system are activated, the activation is minimal and transient, and
certainly not of an intensity sufficient on the one hand to maintain plasma fatty
acid concentrations at the very high levelsneeded to produce hepatic infiltration
by oversupply alone, and on the other hand of sufficient duration to produce the
observed continuous hepatic infiltration over periods as long as 20 to 24 hours
following a single dose of the toxic agent.

VI. HEPATIC TRIGLYCERIDE SECRETION
A. The pathophysiology of carbon tetrachloride fatty liver

When the mitochondrial hypothesis was abandoned, work on the fatty liver
problem developed in 2 different directions. One of these was the catecholamine
hypothesis just discussed. Another began with study of enzymes of the
microsome fraction. In 1946, Rosin and Doljanski (281) had reported that as
early as 1 hour after carbon tetrachloride poisoning the centrilobular parenchy-
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mal cells were free of pyroninophilic granules, a finding that suggested loss of
cytoplasmic ribonucleic acid or dispersal of ribonucleoprotein particles (see 93).
In 1958 Leduc and Wilson (188) reported that in mice, loss or dispersal
of centrilobular basophilia occurred within 15 to 30 minutes after carbon
tetrachloride poisoning. The latter authors and especially Gupta (130) may be
consulted for earlier theories as to the causes and significance of this
phenomenon. The key point is that early loss of cytoplasmic basophilia indicated
structural damage to the endoplasmic reticulum.

In 1956 Oberling and Rouiller (225) reported their electron microscopic study
that showed early pathological involvement of the endoplasmic reticulum before
evident mitochondrial damage. Neubert and Maibauer (224) reported that the
microsomal system catalyzing detoxication of aminopyrine was destroyed in
livers of carbon tetrachloride-poisoned rats at a time when mitochondrial
oxidative phosphorylation was intact. Recknagel and Lombardi (258) noted a
14 reduction of hepatic glucose-6-phosphatase activity 2 hours after carbon
tetrachloride poisoning, accompanied by a significant increase in microsomal
DPNH-cytochrome reductase activity.

These studies indicated that the endoplasmic reticulum of the hepatic
parenchymal cells was affected within the first few hours after administration of
carbon tetrachloride. The knowledge (296) that liver triglycerides began to in-
crease immediately after carbon tetrachloride administration suggested that
some process, intimately concerned with rapid turnover of a hepatic triglyceride
pool of some sort, was most probably localized in the endoplasmic reticulum of
the hepatic parenchyma. What the nature of such a process could be was not
immediately apparent. Dr. M. C. Schotz recognized that before a solution to the
problem of hepatic triglyceride accumulation could be reached, it would
be necessary to bring to bear a large body of work relevant to whole-body lipid
transport (for reviews see 84, 106, 231, 233, 276, 316, 317).

Earlier efforts designed to obtain information on rates of renewal of liver lipids
were highly misleading. Stettin and Boxer (321) followed uptake of deuterium
into the fatty acids of total liver lipids in rats in which body water had
been enriched with the isotope. They obtained a turnover time of 2.7 days. In a
similar experiment, Pihl et al. (239) found a turnover time of 1 day for liver fatty
acids. These results were misleading for 2 reasons. First, fatty acids of the various
liver lipids were regarded as a single pool. It has since been recognized that there
are many separate fatty acid pools within the liver, each with its distinctive
renewal rate. To avoid misleading conclusions the total liver fatty acid pool must
be divided not only into meaningful lipid subclasses (free fatty acids, glycerides,
various phospholipids, steroid esters, elc.), but into subclasses based on subcel-
lular anatomy. We now know that the rates of renewal of some of these pools of
fatty acids are much faster than the estimates in days given by the
earlier workers. A second aspect of the earlier work which led to grossly
misleading notions of liver fatty acid turnover times was the choice of model. The
experiments were of the inverse exponential or build-up type (see 334, 350). In
such an experiment the specific activity of the pool being monitored reaches an
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upper limit equal to the specific activity in the precursor pool. The in-
appropriateness of this model for study of liver fatty acid turnover was first
pointed out by Harper et al. (135). The major defect of the isotope build-up
experiment as a model for studying liver lipid turnover is that the fatty acids of
certain liver fatty ester pools are in rapid equilibrium with fatty acid? and fatty
ester pools in the plasma and adipose tissues. The rate of mixing in the hepatic-
extra hepatic pool is very fast in comparison with the rate of entry of label into
newly synthesized liver fatty acids from deuterium in the body water or
C'-acetate in the diet. Hence as label is incorporated into newly synthesized
fatty acids in the liver it spreads rapidly into a relatively small pool made up of
liver fatty acids, some liver triglycerides, part of the plasma triglyceride pool,
adipose tissue fatty acids, part of the adipose tissue triglyceride pool, and plasma
fatty acids. This is the so-called ‘“‘superficial layer’’ of Olivecrona (228). The label
then spreads further and more slowly into extremely complex and very poorly
defined pools of liver and tissue glycerides, phospholipids, cholesterol esters, etc.,
t.e., into the “deep layer” of Olivecrona (228). With an improved experimental
design Harper et al. (135) obtained an estimate of neutral lipid fatty acid flux
more than 10-fold greater than the corresponding flux estimated by use of the
isotope build-up model.

From 1956 to 1960, a number of key discoveries confirmed and extended the
views of Harper et al. (135) and set the stage for a new approach to the study of
both toxic and nutritional fatty liver. Before 1956 the plasma long-chain fatty
acids were thought of mainly, if not exclusively, as products of the action of
heparin clearing factor on plasma lipids (129, 273). In 1956, Dole (82)
and Gordon and Cherkes (126) showed independently that the plasma level of
fatty acids in human subjects increased during fasting, rose dramatically after
epinephrine administration, and fell after oral glucose. Dole (82) found no change
in plasma fatty acid levels during alimentary lipemia, and, in patients
with chronically elevated blood lipids, the plasma fatty acid levels were
not abnormally high. He reported a sharp drop after insulin administra-
tion. These observations indicated that the plasma fatty acid fraction
was responding to the nutritional needs of the subject, rising during fasting and
falling when plasma glucose was available. It was suggested (126) that
unesterified fatty acids represent the blood lipid fraction immediately available
to cells in general as a supply of lipid to meet energy demands, and that their
release into the blood is regulated by some mechanism sensitive to the need for
fat oxidation.

That stored fatty acids of adipose tissue were released to plasma as nonesteri-
fied fatty acids soon became clear. Gordon et al. (128) reported large negative
A-V differences in man for fatty acid content of plasma draining areas rich in
adipose tissue. Wadstrom (339) reported that in adipose tissue of the rabbit,

2 Following a suggestion made by Dole and Rizack (85), when referring to the plasma,
we use the simple term “fatty acids,’”’ or “long-chain fatty acids’’ as a synonym for ‘‘non-
esterified’’ or “unesterified’’ fatty acids, although these terms, as well as ‘“‘free fatty acids”
will sometimes be used if deemed desirable for the sake of clarity.
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after administration of epinephrine, there was a marked rise in diglycerides and
monoglycerides, an indication that lipolysis had occurred. Gordon and Cherkes
(127) reported stimulation of release of fatty acids from rat adipose tissue in
vitro by factors which elevate plasma fatty acid concentrations in vivo. Havel and
Fredrickson (139) reported a replacement time of the order of 3 minutes for the
plasma fatty acid fraction in dogs (see also 19, 107). By 1957 (83) it was realized
that the flux through the plasma fatty acid pool, estimated as calories, exceeded
the flux through the plasma glucose pool. In 1957, Laurell (184) reported a re-
placement time for the plasma fatty acid pool in fasting man of the order of 4 to
5 minutes, and estimated that the turnover was large enough to satisfy the bulk
of the caloric requirement in the fasting state. The extremely rapid rate of turn-
over of the plasma fatty acid pool proved eventually to be decisive in
understanding the rapid rise of liver triglycerides in certain instances of toxic
fatty liver although this was not appreciated at the time these observations were
made. As noted above, it had been suspected for many years (see e.g., 237, p. 434;
322) that failure of lipid transport from liver to plasma played a role in
pathological fatty liver of various etiologies. This suspicion was reinforced by a
number of studies. Olson et al. (230, 232) maintained rats for 2 weeks
on alipotropic diets and noted a reduction in all classes of serum lipids.
Significantly, the low-density lipoprotein fraction, relatively rich in triglycerides,
virtually disappeared. Feinberg et al. (98) noted in dogs that after 25 to 27 days
of ethionine administration, total serum fatty acid, phospholipid, and cholesterol
levels were almost zero. Both high- and low-density serum lipoproteins fell to
very low levels. On withdrawal of ethionine, serum lipids returned to normal
(see also 341). Fredrickson and Gordon (106, p. 618) suggested that these in-
stances of hepatic lipid accumulation might be due to deficient transport of fatty
acids because of vehicular failure, and pointed out that the solution to the fatty
liver problem would have to wait until such fundamental information as the site
of lipoprotein formation itself was definitely established. The missing pieces to
the puzzle were soon supplied. Dole (83) had noted widespread distribution of
radioactivity in various rat tissues following intravenous administration of
palmitate-1-C, Liver lipids were the most radioactive. Bragdon and Gordon
(22) observed that 10 minutes after intravenous administration of palmitate-1-C4
to rats, from 14 to 16% of injected radioactivity was present in liver lipids.
Laurell (186) noted an extremely short replacement time for the plasma fatty
acid pool in rats, of the order of 1 to 2 minutes and, more significantly, he showed
that injected palmitic acid-1-C* was recycled as plasma triglyceride. Comparison
of the specific activities of plasma triglyceride and liver triglyceride suggested
that the entire plasma triglyceride pool was derived from the liver. Laurell (186)
also studied the rate of turnover of the plasma triglyceride pool in rats and re-
ported values of the order of 6 to 8 minutes. These studies suggested that the
flow of fatty acids from the plasma fatty acid pool, to liver triglycerides, to
plasma triglycerides was a major pathway, accounting for a substantial fraction
of the entire plasma fatty acid flux. After administration of palmitic acid-1-C*
to rats triglycerides of the microsome fraction have the highest specific activity,
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much higher than the large triglyceride fraction which floats on top of centrifuged
liver homogenates; and the specific activity of the microsomal triglyceride frac-
tion falls rapidly from 15 minutes to 30 minutes (315), the fall indicating that
radioactivity in this pool is being diluted rapidly by unlabelled fatty acids.
These data indicated an extremely rapid turnover of the triglyceride pool of the
liver microsome fraction, much faster than the rate of turnover of the bulk of the
liver triglyceride fraction. The picture which emerged from this work indicated
that a large share of the plasma fatty acid flux entered the liver, where a cor-
respondingly large fraction was rapidly converted to triglycerides in a small,
rapidly turning over triglyceride pool, localized in the endoplasmic reticulum,
from which the newly formed triglycerides entered either into the plasma lipo-
protein triglyceride pool, or into an intrahepatic storage pool of triglycerides.
This insight into hepatic handling of plasma long-chain fatty acids suggested the
possibility that entrance of plasma long-chain fatty acids into the liver, and
biosynthesis of these fatty acids to triglycerides was occurring more or less nor-
mally after carbon tetrachloride poisoning, but exit of triglycerides from liver
to plasma was blocked. Two pieces to the puzzle were still missing. One of these
was evidence that the flux of fatty acids from plasma to liver triglycerides to
plasma triglycerides was great enough to account for the rapid rise in liver tri-
glycerides in the carbon tetrachloride-poisoned rat (296), and most important of
all, a definitive experimental design that could test the hypothesis was needed.
Help came from an unexpected source. Kellner and co-workers (171, 172) had
first noted in 1950 that intravenous administration of certain non-ionic surface-
active agents produced a sustained hyperlipemia. During the next 10 years, this
phenomenon had been much studied in connection with the problem of athero-
sclerosis. The hyperlipemic effect first observed by Kellner (171) was soon con-
firmed by Cornforth et al. (54) and by Friedman and Byers (110). The non-ionic
detergent most used in these studies was Triton WR-1339 (hereinafter referred
to as Triton), available from Winthrop Laboratories, 1450 Broadway, New
York, N.Y., and described by them as an oxyethylated tertiary octylphenol,
formaldehyde polymer. The hyperlipemia produced by this agent is striking.
After intravenous administration of 100 mg of Triton into rats, Friedinan and
Byers (110) noted an increase in plasma neutral fat from 26 mg % to 769 mg %,
during 24 hours. They found no histological abnormalities in liver, adrenals,
heart and aorta, lungs, or intestines 24, 48, and 72 hours after intravenous
Triton, and concluded that the hyperlipemic effect was due to alterations in-
duced by Triton in plasma lipoproteins. Brown et al. (34) suggested that Triton
combined with the lipoprotein substrate to yield products which are not attacked
by lipoprotein lipase. Schotz et al. (297) showed more conclusively that Triton
inhibited the action of lipoprotein lipase by a physical alteration of the sub-
strate, and this phenomenon has since been studied extensively by Scanu and
co-workers (288-290). In a beautiful study, published in 1956, Hirsch and Kellner
(148) showed that the expected large rise in serum cholesterol, following intra-
venous administration of Triton to rabbits, was completely eliminated by prior
hepatectomy. In 1957 Friedman and Byers (111) showed that Triton greatly
retarded the escape of triglycerides from the plasma compartment of rats, and
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in 1959 the effect was confirmed in the rabbit (38a). This work set the stage for
an experiment which had an immediate and profound effect on the course of
study of toxic and nutritional fatty liver. Friedman and Byers (111) were fully
aware of the importance of the plasina fatty acid fraction in supplying various
tissues with noncarbohydrate fuel, and of the uncertainties then current (106)
regarding the importance of the flux of fatty acids through the liver and plasma
triglyceride pools in the noncarbohydrate fucl-bearing processes. They asked
an important question: What was the source of the astonishingly large amounts
of triglyceride which accumulated in the plasma compartment after Triton ad-
ministration? They recognized that by linking the triglyceride-sequestering effect
of Triton with experimental removal of various tissues it should be possible to
determine the site of origin of the plasma triglycerides. They showed first that in
sham-operated rats, plasma triglyceride levels rose 20-fold within 6 hours after
intravenous Triton (39). When liver and gastrointestinal tract were removed,
there was no clevation of plasma triglyceride levels after intravenous Triton.
With hepatectomy alone the increase was only 4- to 5-fold, indicating that the
liver was the major source of the plasma triglyceride fraction. As indicated above,
earlier workers had already noted the rapid movement of labelled liver tri-
glycerides into the plasma triglyceride pool. However, the huge magnitude of
the flux of fatty acids from liver triglycerides to plasma triglycerides was first
fully evident in the Triton experiments of Byers and Friedman (39). In our labo-
ratory the possible importance of the work of Byers and Friedman to the problem
of pathological lipid accumulation was first recognized by Dr. B. Lombardi.
With the knowledge that carbon tetrachloride was concentrated in the liver
within the first several hours (257), that simultaneously liver triglycerides were
rising rapidly (296), and that at the same time the endoplasmic reticulum was
damaged both enzymatically (224, 258) and structurally (225), it was possible
to formulate a new hypothesis regarding the pathogenesis of carbon tetrachloride
fat accumulation (259). Furthermore, the Triton experiments of Byers and
Friedman also provided the means to test the hypothesis. If carbon tetrachloride
poisoned the liver in such a way that entrance of plasma fatty acids into the
liver, and biosynthesis to triglycerides were essentially normal, and if at the
same time exit of liver triglycerides to plasma was blocked, then, if experimental
animals were first subjected to carbon tetrachloride intoxication, and subse-
quently challenged with intravenous Triton, they should exhibit a markedly
reduced post-Triton triglyceridemia. This expectation was fully realized (259).
Ninety minutes after Triton administration to control rats, plasma triglycerides
were elevated 12-fold. But if rats had been given carbon tetrachloride only 2
hours previously, intravenous Triton administration resulted in only a 3-fold
rise in plasma triglycerides. Evidently, carbon tetrachloride administration had
very significantly blocked the movement of triglycerides from liver to plasma.
Furthermore, in non-Tritonized rats given carbon tetrachloride, plasma tri-
glyceride concentration fell from 24.4 mg% to 6.4 mg% within 3.5 hours after
intoxication, a result that would be expected if plasma triglycerides were running
off to peripheral sites while replenishment from the liver was curtailed.

The work of Byers and Friedman (39), which revealed the magnitude of the
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triglyceride flux from liver to plasma, and the demonstration (259) that a hepatic
triglyceride secretory mechanism was blocked shortly after carbon tetrachloride
poisoning established the pathophysiological basis for carbon tetrachloride fatty
liver. This work opened the door to a number of important questions. (1) Could
a way be found to test the basic hypothesis by use of experimental designs not
involving use of Triton? (2) Was the normal plasma fatty acid flux great enough
to account for the hepatic triglyceride accumulation? (3) Is the normal rate of
secretion of triglycerides by the liver sufficient to account for the rate of rise of
liver triglycerides after carbon tetrachloride poisoning, on the assumption that
the toxic agent blocks the exit pathway? (4) How effective is the action of Triton
in blocking exit of triglycerides from the plasma compartment? (5) Did bio-
chemical mechanisms in the hepatic parenchymal cells necessary for conversion
of nonesterified fatty acids to triglycerides survive carbon tetrachloride poison-
ing? (6) Was blockade of hepatic triglyceride secretion peculiar to carbon tetra-
chloride poisoning or could pathological hepatic lipid accumulation following
administration of other toxic agents, e.g., ethionine, phosphorus, cerium, and
ethanol, also be due to interference with hepatic triglyceride secretion? Was
hepatic triglyceride accumulation in choline deficiency, protein malnutrition,
and orotic acid feeding due to failure of triglycerides to leave the liver? An at-
tempt will be made in what follows to review major developments along these
several lines.

B. Further evidence that hepatic secretion of triglycerides is impaired after
poisoning with carbon tetrachloride

Marked lowering of post-Triton triglyceridemia in rats by previous admin-
istration of carbon tetrachloride (259) has since been confirmed in this laboratory
on several occasions and in other laboratories as well (243, 265).

If carbon tetrachloride poisoning leads to a marked reduction in output of
triglycerides from liver to plasma, while at the same time the normal exit of
triglycerides out of the plasma compartment is unaffected, a reduction in plasma
triglyceride levels should result. This result was reported by Recknagel et al.
(259) and confirmed by Rees and Shotlander (265), by Poggi and Paoletti (243),
and by Maling et al. (200). The latter authors were the first to demonstrate (104,
200), without the use of Triton, that after carbon tetrachloride poisoning there
is a marked reduction in transfer of triglycerides from liver to plasma. On ad-
ministration of palmitate-1-C* intravenously into rats poisoned with carbon
tetrachloride, radioactivity appeared in the triglyceride fraction of the liver in
good yield, but its appearance in the plasma triglyceride fraction was markedly
attenuated. Shortly before the work of Maling et al. (200) appeared, it had been
shown by Borgstrém and Olivecrona (21) that virtually no radioactivity re-
cycles in the plasma triglyceride pool if palmitate-1-C* is injected intravenously
into a hepatectomized rat. Havel and Goldfien (140) reported similar findings for
the dog. A comparison of figure 2 of Maling et al. (200) with figure 2 of Borgstrom
and Olivecrona (21) indicates clearly that with respect to hepatic triglyceride
secretion, the carbon tetrachloride-poisoned rat is for all intents and purposes
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functionally hepatectomized. Schotz et al. (293) reported that in the normal,
fasting rat 0.15 mg of triglycerides per minute per 100 g rat body weight were
being transferred from liver to plasma, and that 4 hours after carbon tetra-
chloride poisoning the above rate was reduced to 0.015 mg per minute. These
quantitative data were made possible by application of a multicompartment
model of hepatic lipid metabolism developed by Baker and Schotz (13).

We know of no experimental work indicating that intravenous administration
of Triton interferes in any way with hepatic lipid metabolism. This is particu-
larly important for the following reason. Since the isotope data of Maling et al.
(200) and of Schotz et al. (293) confirmed the earlier conclusion of the Triton
experiments (259), and since no evidence is available indicating any direct effects
of Triton on hepatic lipid metabolism, the validity of the Triton test as a simple
and rapid method of detecting an inhibition in hepatic triglyceride secretion is
well enough established to warrant its use for at least a preliminary survey of
other types of pathological condition leading to abnormal hepatic triglyceride
accumulation.

Heimberg et al. (144) were able to confirm by a third method that carbon
tetrachloride poisoning leads to inhibition of movement of triglycerides from
liver to plasma. These workers monitored release of triglycerides by the isolated
rat liver into perfusion fluid. With livers taken from normal fed rats the perfusion
fluid became enriched with triglyceride as perfusion of the isolated liver pro-
ceeded, whereas, if the liver was taken from a rat 3.5 hours after carbon tetra-
chloride administration, triglycerides of the perfusion fluid were removed by
the liver. This demonstration that prior administration of carbon tetrachloride
alters the capacity of the isolated liver to secrete triglycerides is of course pre-
cisely the result one would have predicted on the basis of the earlier work. Never-
theless, use of the isolated liver preparation presents certain advantages for the
study of hepatotoxicity. For example, it was shown (143) that injection of 5 to
10 ul of carbon tetrachloride directly into the portal venous cannula of perfused
rat livers inhibited net outward movement of triglycerides. A direct effect of
the toxic agent on the liver was thus demonstrated. However, the isolated per-
fused liver as employed by Heimberg and associates has one decided disadvan-
tage, in that the method, as they used it, permits qualitative decisions only. In
particular, it should be recognized that the maximum rate of net efflux of tri-
glycerides by the isolated liver, as reported by Heimberg and associates (141-
145) is of the order of 0.1 the rate at which the normal, fasted rat is releasing
triglycerides into the plasma compartment (13, 293, and see below, VI C). With
0.9 of the normal rate of secretion #n vivo unaccounted for, the demonstration
that carbon tetrachloride reduced the secretory rate obviously has qualitative
significance only. However, in the light of the Triton experiments (243, 259, 265)
and the isotope experiments (13, 200, 293) the significance of the perfusion ex-
periments is greatly strengthened. It may be pointed out that the low rates of
hepatic triglyceride secretion as reported by Heimberg and associates can be
greatly increased if the d > 1.21 plasma protein fraction is added to the per-
fusion medium, as reported by Eder and co-workers (89, 90) and Roheim et al.
(279).
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C. Quantitative considerations

The discovery that carbon tetrachloride poisoning leads to marked inhibition
of the normal transfer of triglycerides from liver to plasma (259) and its subse-
quent confirmation (243, 265) and extension (144, 200, 293) raised the question
of the source of the fatty acids which accumulate. In fasting rats the diet cannot
be a source. It has been known for many years that lipogenesis from glucose is
markedly attenuated in the fasted rat (198, 203). Although it has not been demon-
strated that this attenuation applies to the fasted rat given carbon tetrachloride,
it would be highly unlikely that carbon tetrachloride poisoning would lift the
restriction imposed on synthesis of fatty acids in the liver during fasting. Ac-
cording to Schotz et al. (293), in the normal, fasted, male rat 16 % of newly
formed hepatic triglycerides is derived directly from plasma triglycerides. If the
plasma triglyceride pool is to serve as a source for the net transfer of triglycerides
into the liver, then the plasma triglyceride pool would have to be supplied by
some source other than the liver. Borgstrém and Olivecrona (21) studied re-
circulation of intravenously administered palmitate-1-C* into plasma lipids in
glucose-fed rats. Considerable incorporation of label into plasma glycerides and
phospholipids occurred in the intact animal, but after hepatectomy this re-
cycling of plasma fatty acids into plasma lipids was almost completely abolished.
These results indicate that when the diet is eliminated as a source, the liver is
the only quantitatively significant source of plasma triglycerides. Hence net
movement of triglycerides in the reverse direction (plasma to liver) can be elimi-
nated. In addition to being the only quantitatively significant source of plasma
triglycerides, in the fasted rat the liver is also the only source of plasma phos-
pholipids (100, 123). Hence the plasma phospholipid pool is also ruled out as a
source for net movement of fatty acids into the liver. These considerations lead
to the conclusion that the albumin-bound fatty acids of the plasma are the sole
source for the fatty acids which accumulate as triglycerides in the liver of the
fasted rat poisoned with carbon tetrachloride. This important point was stated
by Olivecrona (226), who said for the fasted rat that . .. no ‘net gain’ of liver
fatty acids can result from uptake of plasma esterified fatty acids.”

These considerations raise 2 questions. (1) Is the plasma fatty acid flux in the
normal animal enough to account for hepatic triglyceride accumulation? (2) Is
the normal rate of secretion of triglycerides by the liver sufficient to account for
the rate of accumulation of liver triglycerides, on the assumption that carbon
tetrachloride has resulted in a block in the exit pathway?

1. Rate of accumulation of liver triglycerides after carbon tetrachloride poisoning.
Schotz and Recknagel (296) reported that for the first 3 hours after intragastric
administration of carbon tetrachloride the rate of hepatic triglyceride accumu-
lation per 100 g body weight was 0.16 mg per minute. From the first to the third
hour, the rate was 0.23 mg per minute. Other recorded rates in fasted male or
female rats vary from 0.125 to 0.2 mg per minute (242, 265, 293, 320). The mean
figure corresponds to 0.15 mg of fatty acids that would have to arrive via the
blood stream per minute to account for the rate of triglyceride accumulation.
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2. Fluzx of fatty acids through the plasma pool. Exit of palmitate-1-C" from the
plasma compartment has been studied with the aid of the kinetic equation de-
fining a single-compartment open system, with no return of label. For such a
system, exit of material from the compartment is first-order with respect to
concentration (19, 51, 105, 139) and flux is given by the product of pool size and
fractional turnover rate. To estimate pool size, steady-state concentration and
distribution volume are required. Estimation of steady-state concentration of
plasma fatty acids is straightforward (82), but estimation of distribution volume
of injected palmitate-1-C'* is attended by uncertainties. Immediately after
intravenous administration, the palmitate-1-C* albumin complex is rapidly
mixed in the vascular compartment of the rat. This event is complete within 20
seconds. Following palmitate-1-C* addition to the plasma compartment, radio-
activity appears in expired carbon dioxide within the first 2 minutes (207). The
“miscible pool” (207), or “equilibration pool” (229) of fatty acids from which
this carbon dioxide is derived is of the order of 100 to 250 times the plasma free
fatty acids in circulation at any moment. The equilibration pool in the fasted rat
consists largely of esterified fatty acids in liver and muscle, and in the unesterified
fatty acid pool of adipose tissue (138, 185). The rapidity with which intravenously
administered palmitate-1-C* is converted to carbon dioxide (207), and the rapid
entry of plasma fatty acids into the equilibration pool (183, 331) attest the
rapidity with which plasma fatty acids are leaving the plasma compartment.
Therefore, the requirement of the isotope washout method that mixing of label
with the plasma fatty acid pool be complete before significant loss of label to the
equilibration pool occurs is not met in the rat. Data collected in our laboratory
support this view. Mean distribution spaces for albumin-bound palmitate-1-C*
were 8.9 and 8.8 ml per 100 g body weight, for control rats and for carbon tetra-
chloride-poisoned rats, respectively. Measurements were made 4 hours after
carbon tetrachloride poisoning. These distribution spaces for intravenously ad-
ministered palmitate-1-C* are about double the plasma volume. From these
results it is evident that estimates of plasma fatty acid flux based on the assump-
tion that the distribution space of intravenously administered palmitate-1-C
corresponds to the plasma volume will be minimum estimates, since the effective
distribution space for the administered isotope may exceed the plasma volume.

The fractional turnover rate can be obtained from the washout curve for intra-
venously administered palmitate-1-C'. Since the washout curve deviates from a
single exponential within the first 2 minutes (186, 226, 294) it is necessary to
make measurements within 2 minutes in order to estimate the initial disappear-
ance rate of intravenously administered palmitate-1-C. Dole and Rizack (85)
pointed out that estimates of total plasma fatty acid flux based on washout
kinetics of a single, labelled fatty acid could only be approximations since the
whole mixture of plasma long-chain fatty acids is involved in the flux. However,
these workers were able to confirm in a clever way (85), independent of radio-
isotope flux data, that the fractional turnover rate in man was about 0.3 min—?,
a value which had been found earlier for man (105) as well as for the dog (19,
139) with the isotope method. The demonstration of Dole and Rizack (85) lends
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credence to the isotope washout method. (For discussion of the theoretical basis
of the method, see 51, p. 21; 334, p. 179; and 350.)

Fractional turnover rates derived from washout curves for intravenous palmi-
tate-1-C" in the first 2 minutes are between 0.7 and 0.8 min—! (186, 226, 294).
They are indistinguishable in normal rats or those given carbon tetrachloride 4
hours earlier (251, 294; see table 1). Since fatty acids are accumulating as tri-
glycerides in the liver of the rat poisoned with carbon tetrachloride at a rate of
only 0.15 mg per minute per 100 g body weight, the plasma fatty acid flux can
easily supply the fatty acids required to account for the rate of hepatic triglyc-
eride accumulation. About %4 of the plasma fatty acid flux enters the liver in
the intact rat (22, 125, 138, 146, 185, 226, 227, 329). On the basis of the minimal
values for the plasma fatty acid flux given in table 1, about 60 to 70 % of total
plasma fatty acid flux is being trapped in the liver triglyceride pool of rats
poisoned with carbon tetrachloride. Maling et al. (200) suggested that in addition
to failure of hepatic triglyceride secretion, there appeared to be a further hepatic
disturbance of some kind leading to an accelerated incorporation of fatty acids
into hepatic triglycerides and phospholipids after carbon tetrachloride poisoning.
Schotz et al. (293) reported that the rate at which plasma fatty acids were esteri-
fied to hepatic triglycerides was 46 % greater for carbon tetrachloride-treated
rats than for normal animals. It is of interest that one of the findings which
emerged from the study of Schotz et al. (293) was that in the fasted, carbon
tetrachloride-poisoned rat only 40 % of hepatic triglycerides came directly from
plasma free fatty acids. This finding presents certain difficulties which have not
been resolved. The complex, multicompartmental analysis employed by these
workers led them to conclude that in the fasted, carbon tetrachloride-poisoned
rat only 3.3% of newly formed hepatic triglycerides could have been derived
directly from preformed plasma triglycerides, a finding in keeping with the
markedly reduced input of triglycerides into the plasma triglyceride pool from
the carbon tetrachloride-damaged liver. Since they found that only 40% of
hepatic triglycerides came directly from the plasma fatty acid pool, they were
forced to speculate that there must be some intermediate pool lying between the
plasma fatty acid pool and the hepatic triglyceride pool which was capable of

TABLE 1
Fluz of fatty acids through the plasma compartment in intact and in CCli-poisoned rats®

Controls CCl, fed
Plasma volume,’ ml/100 g body weight 3.53 3.68
Plasma fatty acid concentration, mg/ml of plasma 0.095 0.085
Pool size, mg/ 100 g body wt. 0.34 0.31
Fractional turnover rate, min™! 0.74 0.74
Fatty acid flux, mg/minute/100 g body wight¢ 0.25 0.23

2 Data of Recknagel and Ghoshal.
®Human serum albumin I distribution space.
<4 hours after mineral oil or CCl,.
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contributing in a quantitatively significant manner to hepatic triglyceride ac-
cumulation following carbon tetrachloride poisoning. They suggested hepatic
phospholipids as such a source. From the analysis given above, the ultimate
source of the fatty acids supplying such an intermediate lipid pool would have to
be plasma fatty acids. Thus, although it is possible to conclude with certainty
that the plasma fatty acid flux can easily deliver fatty acids to the liver at a rate
adequate to account for the rate of hepatic triglyceride accumulation following
carbon tetrachloride poisoning, neither the exact fraction of the plasma fatty
acid flux delivered to the liver, nor the exact intrahepatic pathways followed by
the entering plasma fatty acids en route to the eventual triglycerides which ac-
cumulate, have been established with certainty.

3. Rate of hepatic triglyceride secretion. The hypothesis put forward in 1960
(259) as a basis for understanding hepatic triglyceride accumulation following
carbon tetrachloride poisoning suggested that the triglycerides that accumulated
in the liver are those triglycerides which normally would have left the liver for
the plasma via hepatic triglyceride secretion. If inhibition of this pathway is the
only quantitatively significant aberration in hepatic triglyceride metabolism
induced by the toxic agent, then the unidirectional efflux of triglycerides from
liver to plasma in the normal rat would have to be large enough to account for
the rate of rise of liver triglycerides following intoxication. This rate would have
to be not less than 0.16 mg triglycerides per minute per 100 g body weight, which
is a low estimate (see above). According to the multicompartmental analysis
presented by Schotz et al. (293), the rate of hepatic triglyceride secretion in
fasted male rats is 0.15 mg per minute. After carbon tetrachloride poisoning,
the rate dropped to 0.015 mg per minute. This is the highest degree of suppres-
sion of hepatic triglyceride secretion by carbon tetrachloride which has been re-
ported. Experiments based on depression of post-Triton triglyceridemia after
carbon tetrachloride poisoning indicate a degree of suppression of the order of
14 to 1€ normal. However, even given the degree of suppression reported by
Scholtz et al. (293), inhibition of the normal rate of secretion cannot fully account
for the rate of accumulation.

An estimate of the unidirectional efflux of triglycerides from liver to plasma
can be obtained in another way. Following intravenous administration of Triton,
exit of triglycerides from the plasma compartment is markedly reduced. If A
is the total plasma triglyceride pool, then following Triton administration, the
rate of increase of the plasma triglyceride pool is given by

dAjdt = J — J' (1)

in which J is the unidirectional influx of triglycerides into the plasma compart-
ment, and J’ is the unidirectional efflux. The quantity dA4/d¢ can be measured
directly as the rate of increase of the plasma triglyceride pool following Tritoni-
zation. Since there is no reason to expect that triglycerides entering the plasma
compartment as alimentary chylomicrons would not be subject to the sequester-
ing action of Triton, estimates of hepatic triglyceride secretory rates based on
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monitoring the rate of rise of plasma triglycerides following Triton administra-
tion must be carried out with fasted animals, or in animals ingesting completely
lipid-free diets. The Triton method is based on the assumption that the liver is
the only quantitatively significant source of plasma triglycerides (see 21, and
discussion above). Furthermore, the presence of Triton in the plasma compart-
ment is not known to affect the efflux of triglycerides from liver to plasma. If
Triton affected this efflux, one might expect to find Triton-induced alterations in
the triglyceride content of otherwise normal rats or of rats previously treated
with various toxic agents leading to hepatic triglyceride accumulation. We have
never observed such effects (196, and Recknagel, unpublished). It thus appears
well founded that equation 1 can lead to a reliable estimate of the rate of secre-
tion of triglycerides by the liver.

Recknagel et al. (259) reported that 90 minutes after Tritonization the rate of
accumulation of triglycerides in the plasma compartment was 0.116 mg per
minute per 100 g body weight (assuming 4 ml plasma). Other data obtained in
this laboratory at various times over a period of several years indicated rates of
0.097 to 0.123 mg per minute per 100 g body weight. These values are for the
first 2 hours following Tritonization of fasted male rats. Another series of experi-
ments was carried out on rats ingesting a completely fat-free, semisynthetic diet
supplemented with choline. The rise in plasma triglycerides was linear for the
first 2 hours and decreased slightly over the next 3 hours. Plasma triglycerides
increased at a rate of 0.134 mg per minute per 100 g body weight. From equation
1, the unidirectional influx of triglycerides from liver to plasma is the sum of the
rate of change of plasma triglyceride content, and the eflux of triglycerides from
the plasma compartment, both measured after Tritonization. The efflux of
triglycerides from the plasma compartment following Triton administration was
determined by use of an unpublished method described below and was found to
be 0.011 mg triglycerides per minute per 100 g body weight. Therefore, for rats
ingesting a fat-free diet, the liver is secreting triglycerides at a rate of 0.145 mg
per minute. This value is virtually identical with the secretory rate of 0.15 mg
per minute per 100 g body weight found by Schotz et al. (293) with an entirely
different method.

The validity of the Triton method for estimating the rate of secretion of tri-
glycerides by the liver was checked in another way as follows. For rats ingesting
a fat-free diet, we found the plasma triglyceride pool size to be 1.52 mg tri-
glycerides per 100 g body weight. If the liver is the only source supplying the
plasma triglyceride pool, the turnover time for the pool is given by the ratio of
the pool size over the influx rate, i.e., the turnover time is 1.52/0.145, which
equals 10.5 minutes. We determined the turnover time for the plasma triglyc-
eride pool in rats ingesting a fat-free diet by monitoring washout of C"-labelled
plasma triglycerides. For 5 rats we obtained a mean turnover time of 10.5 4= 1.9
minutes (standard error). This value agrees well with values reported by Laurell
(186) for glucose-fed rats.

It is evident from the above data that the efflux of triglycerides from the liver
of normal, fasted rats or of rats ingesting a lipid-free diet is slightly less than the
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rate at which triglycerides accumulate in the liver following carbon tetrachloride
poisoning. A small fraction of the rate of hepatic triglyceride accumulation ap-
pears to be due to some aberration in hepatic lipid metabolism other than inhibi-
tion of the normal efflux of hepatic triglycerides. These considerations therefore
again lead via a different route to the conclusion reached above that after carbon
tetrachloride poisoning an abnormally large fraction of the flux of fatty acids
through the plasma compartment is directed into the liver to be trapped there
as triglycerides.

4. Effectiveness of Triton in blocking exit of triglycerides from the plasma com-
pariment. The rate of hepatic triglyceride secretion can be obtained as the sum of
the rate of accumulation of triglycerides in the plasma compartment and the exit
rate of triglycerides from the plasma compartment, both measured in the Tri-
tonized animal. This section presents a method for obtaining the latter rate. The
experimental details have not been published, but since the point involved is
critical to the arguments presented in the previous section, the method and the
main conclusion derived from its application are presented.

French and Morris (108) found that prior administration of Triton reduced
efflux of plasma triglycerides to about 14 normal. However, the method they
used does not correctly describe the physiological system under investigation,
and these workers considerably underestimated the effectiveness of Triton in
blocking exit of triglycerides from the plasma compartment. They administered
CM-labelled chylomicrons intravenously into rats. Radioactivity was present
almost exclusively as triglyceride-C*. Blood samples were taken and the loga-
rithms of the percent of initial radioactivity remaining in the plasma compart-
ment were plotted against time. In non-Tritonized rats the isotopic washout
data did not follow a single exponential decline, but the data could be resolved
into a fast component with a half-life of about 8.9 minutes, which accounted for
the removal of about 95% of administered label, and a residual slow component
with a half-life of 66.5 minutes. This decomposition of a complex washout curve
by “peeling off”’ of a slow component is equivalent to the assumption that the
disappearance of label governed by the fast component is following the kinetics
of a single-compartment, open system with no return of label. This assumption is
probably justified for the normal rat. For the non-Tritonized rat, the rate of
change of total residual plasma radioactivity will depend on the rate of eflux
of triglycerides from the plasma compartment and the concentration of radio-
activity in the plasma triglyceride pool, .e.,

dCc/dt = —J'C/A )

in which C is residual radioactivity in the plasma compartment, J’is the outflux
rate and A is the pool size. The outflux rate is assumed to be constant, and for
the normal rat the pool size is constant, and equation 2 can be integrated. How-
ever, prior administration of Triton changes the physiological system. The
efflux drops to a new constant value, but the pool size, far from being constant, is
increasing rapidly. Equation 2 no longer describes the system. However, the
pool size A can be defined as a linear function of time. For male rats ingesting a
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fat-free diet, we found that the plasma pool of triglycerides after intravenous
Triton administration followed a linear increase with time for the first 2 hours
according to the equation A = A4, + kt, in which A, is the initial pool size before
Triton, and k is the linear rate constant. Time ¢ is in minutes. Inserting this ex-
pression into equation 2, integrating between suitable limits and rearranging
leads to the following expression,

log C = —(J'/k) log [(Ao + kt)/Ao] + log Co (3)

in which Cy = total initial plasma radioactivity; C = plasma radioactivity at
time ¢; Ay = plasma triglyceride content before Triton (equal to 1.52 mg tri-
glycerides per 100 g body weight in our experiment); and k£ = the linear rate
constant for the increase in plasma triglycerides after Triton (equal to 0.134 mg
triglycerides per minute per 100 g body weight in our experiment). It is evident
from equation 3 that if the logarithm of the residual radioactivity is plotted
against the logarithm of the term (4o + kt)/A, , the data should fall on a straight
line of slope —J'/k.

We administered palmitate-1-C* intravenously to Tritonized donor rats and
obtained serum after 45 minutes or after 6 hours. Radioactivity was distributed
as follows: neutral lipid, 91.8 %; phospholipid, 7.5 %; nonesterified fatty acids,
less than 0.7 %. The radioactive serum was injected intravenously into rats which
had been given Triton 30 minutes previously. Plasma samples were obtained at
frequent intervals up to 4 hours. When plotted according to equation 3, the data
fell nicely along a straight line. For 3 rats ingesting fat-free diets, efflux from the
plasma compartment following intravenous Triton was 0.00921, 0.00963, and
0.0139 mg triglycerides per minute per 100 g body weight (mean 0.011 mg per
minute per 100 g body weight).

For rats ingesting a fat-free diet, the liver is secreting triglycerides at a rate of
0.145 mg per minute per 100 g body weight (see above). For non-Tritonized rats,
this is also the unidirectional efflux of triglycerides from the plasma compartment.
Since the unidirectional eflux from the plasma compartment after Tritonization
is 0.011 mg per minute per 100 g body weight, Tritonization reduces the efflux
of triglycerides from the plasma compartment by more than 90 %.

D. Maintenance of hepatic triglyceride biosynthesis after carbon
tetrachloride potsoning

Conversion of plasma fatty acids to liver triglycerides involves activation of
the fatty acids to their fatty acid acyl coenzyme A derivatives, transfer to a-
glycerophosphate to yield phosphatidic acids, dephosphorylation of the phos-
phatidic acids to yield the corresponding «,8-diglycerides, and finally formation
of triglycerides by addition of a third fatty acid (173-175). Since hepatic tri-
glyceride accumulation continues at a steady rate for at least 20 hours after in-

toxication, one would predict that this pathway is intact for this period.
In the fasting rat the liver is the major, if not the sole, source of plasma tri-
glycerides (21, 39). Since plasma triglycerides in the fasting rat are derived from
liver triglycerides and not vice versa, the fact that radioactivity administered
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intravenously as palmitate-1-C** into carbon tetrachloride-poisoned rats is
found in the liver triglyceride fraction in high yield (104, 200, 292, 293) shows
that triglycerides are synthesized in the damaged liver. The supposition that the
liver is the only quantitatively significant source of plasma triglycerides in the
fasted rat is central to the above argument, and in this sense the evidence derived
from these experiments is indirect.

Rees and Shotlander (265) measured incorporation of C*-pyruvate into total
lipids of liver slices obtained from rats 3 hours after carbon tetrachloride poison-
ing. They reported a depression of 44 % in comparison with control liver slices.
Data of Rossi and Zatti (282) show that during the first 4 hours after carbon
tetrachloride administration to rats there is no statistically significant depres-
sion of conversion of fatty acids to their acyl coenzyme A derivatives by liver
homogenates; depression was evident by 5 hours, but even by 7 hours the acti-
vation was depressed only 25 %.

We studied the movement of palmitate-1-C* from a perfusion medium into
the triglyceride fraction of isolated, perfused livers taken from carbon tetra-
chloride-poisoned or control rats (Recknagel, Ghoshal, and Ward, unpublished).
Radioactivity recovered in the hepatic neutral lipid fraction, free of unesterified
fatty acids, was 19.6 % of added palmitate-1-C" for control rats and 20.5 % and
26.8 % of added palmitate-1-C', respectively, 4 hours and 12 hours after carbon
tetrachloride poisoning. In all 3 cases, radioactivity of the triglyceride fraction
accounted for almost all of the radioactivity of the neutral lipid fraction. By 24
hours after carbon tetrachloride poisoning, when the liver mitochondria have
undergone extensive functional degeneration, the capacity of the isolated, per-
fused liver to incorporate palmitate-1-C" into liver triglycerides was markedly
reduced. The perfusion experiments demonstrate unequivocally that the bio-
synthetic pathway from plasma long-chain fatty acids to liver triglycerides re-
mains intact for at least the first 12 hours after carbon tetrachloride poisoning.

VII. DEPRESSION OF PROTEIN SYNTHESIS AS A BASIS FOR CARBON
TETRACHLORIDE HEPATOTOXICITY

In 1961, Smuckler and co-workers (311, 312) reported that after carbon tetra-
chloride administration to rats a widespread dislocation of ribonucleoprotein
particles from the membranes of the rough endoplasmic reticulum occurred with
no apparent alteration in mitochondrial structure. Functional derangements of
the mitochondria were not demonstrable before 6 to 12 hours, but within 2.5
hours incorporation of intravenously administered glycine-1-C* into plasma
albumin, fibrinogen, and vy-globulin were markedly depressed. Entrance of
amino acids into the liver was not impaired, but incorporation of radioactivity
into whole liver proteins was considerably depressed. The defect in protein syn-
thesis did not involve the supernatant fraction of rat liver homogenates, which
contains the amino acid-activating enzymes, transfer enzymes, and sRNA,
but was confined to the microsome fraction (309). Ultracentrifugation data in-
dicated that in carbon tetrachloride-treated rats, a disaggregation of the larger
classes of hepatic ribonucleoprotein particles into smaller classes had occurred
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(309). Similar results were reported for thioacetamide poisoning (307, 308).
Subsequent work demonstrated that disaggregation of the 80S ribosomes occurs
after administration of low doses of carbon tetrachloride (307), and that depres-
sion of protein synthesis occurs within 1 hour (310). It was suggested (310)
that the primary lesion in carbon tetrachloride poisoning may be the disorganiza-
tion of the ribosome particles, and the separation of the latter from the ergasto-
plasmic membranes. Smuckler et al. (312, 313) suggested that mitochondrial
degeneration, which occurred under their experimental conditions 3 to 6 hours
after the impairment in protein synthesis, might be due to impairment in re-
plenishment of necessary protein-containing constituents of the mitochondria,
and attributed cell death to altered cellular functions dependent on protein
synthesis. This hypothesis appears to be an oversimplification, as will be pointed
out shortly.

Depression of hepatic protein synthesis has also been invoked as the key to
pathological hepatic lipid accumulation. It is self-evident that the liver could
not extrude uncombined triglycerides into the aqueous interstitial fluid or into
the plasma. Triglycerides leave the liver as lipoproteins. A possible key to the
biochemical nature of the block in hepatic triglyceride secretion could be an early
failure of the liver of the carbon tetrachloride-poisoned rat to supply the protein
needed for lipoprotein formation. Seakins and Robinson (300) stated: “The in-
hibition of the synthesis of plasma lipoprotein-protein after the administration
of carbon tetrachloride is of particular interest since it may explain the subse-
quent changes in the concentrations of lipid in plasma and in liver. It seems
reasonable to suggest that reduced synthesis of plasma lipoprotein will result in
a fall in the amount of lipid which is normally transported from the liver in com-
bination with this protein and that this will lead both to a decrease in the concen-
tration of neutral lipids in the plasma and to the accumulation of fat in the liver.
The failure of the ‘triglyceride secretory mechanism’ of the liver...can thus
be attributed to the inhibition of the formation of plasma lipoprotein-protein.”
Robinson and Seakins (275) predicted correctly that administration of puro-
mycin, which inhibits hepatic protein synthesis, should induce a fatty liver. They
also showed (300) that within 2 hours after carbon tetrachloride poisoning, the
incorporation ¢n vivo of leucine-1-C* into lipoproteins and residue proteins of the
plasma, as well as into liver proteins, was reduced. Liver slices of rats dosed with
carbon tetrachloride also converted less leucine-1-C* into plasma lipoproteins
and liver proteins. Depression of hepatic protein synthesis by carbon tetrachlo-
ride has been confirmed (255, 264, 265).

It is now quite clear that depression of hepatic protein synthesis is an early
consequence of carbon tetrachloride poisoning, but the data are not adequate
to support the views that the primary event in carbon tetrachloride poisoning
is the disaggregation of the ribosomes (310), that attendant depression in pro-
tein synthesis is the key to the necrotizing action of this hepatotoxin (312,
313), or that depression in protein synthesis is the key to the pathological dis-
turbance leading to hepatic triglyceride accumulation (272, 300).

1t is evident that pathological disorganization of polyribosomes, and separa-
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tion of ribonucleoprotein particles from ergastoplasmic membranes, are struc-
tural alterations. For the structures involved, the pathological alterations
observed may be primary, in the sense that no other observable structural
alterations precede those under observation. However, from a molecular point
of view it is evident that structural disorganization must be an expression of
underlying chemical and physical changes which constitute the primary lesion.

Within 2 hours after ethionine administration to rats (95), the liver cells are
seriously affected, with ATP levels only about 20 % of normal and nucleic acid
and protein synthesis only 10 to 20% of normal, but despite the persistence
of these abnormalities for at least 24 hours the liver cell does not die (see also
163). Because of this separation of depression in protein synthesis from necrosis
in the case of ethionine intoxication, as Farber et al. (95) pointed out, the ne-
crosis due to carbon tetrachloride and dimethylnitrosamine cannot be attributed
merely to inhibition of protein synthesis. McLean et al. (212) have called atten-
tion to another example. Actinomycin D in doses of 1 mg per kg completely
inhibits RNA synthesis, inhibits amino acid incorporation into protein by about
80 %, and causes death of the animal in about 48 hours, without producing liver
necrosis. It appears that some factor in addition to depression of protein syn-
thesis must be invoked for initiating the chain of events which leads to death
of the cell.

The view (195, 300) that depression of hepatic protein synthesis is the key
to the mechanism of hepatic triglyceride accumulation in carbon tetrachloride
poisoning is based on 3 main considerations: (1) The knowledge that triglycerides
leave the liver as low-density lipoproteins; (2) the extension to carbon tetra-
chloride poisoning of findings indicating that triglyceride accumulation in ethi-
onine poisoning is due to depression of hepatic protein synthesis; and (3) the
demonstration that hepatic protein synthesis is depressed within 1 hour after
carbon tetrachloride administration. In the case of ethionine poisoning, hepatic
triglyceride accumulation does appear to be due to failure of the poisoned liver
to manufacture the lipoprotein apoprotein. Depression of hepatic protein syn-
thesis has also been implicated as a basis for the fatty liver of phosphorus poison-
ing (15, 301, 307) and dimethylnitrosamine poisoning (264, 265). In the case
of choline deficiency, failure to supply adequate phospholipid for lipoprotein
biosynthesis may be the key defect responsible for the fatty liver. If hepatic
triglyceride accumulation following carbon tetrachloride poisoning could be
understood in terms of a breakdown in supply of lipoprotein protein, a unify-
ing mechanism can be seen to emerge: all of these instances of toxic and nutri-
tional fatty liver could be due to failure in lipoprotein biosynthesis (see 195).
A number of facts stubbornly resist inclusion of carbon tetrachloride hepatotoxi-
city in this scheme.

The lipids of the plasma exist almost entirely as lipoproteins. In the fasted
rat the triglyceride moiety of lipoproteins of very low density (d < 1.019) ac-
counts for 65% of plasma triglycerides (197). These lipoproteins represent the
major vehicle for transport of triglycerides away from the liver (96, 109, 137,
138, 197, 233). The liver is the immediate source of these plasma low-density
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lipoproteins for the rabbit (138), rat (13, 315) and man (96, 109, 137). For the
rat and for the rabbit the liver triglyceride pool that supplies the triglycerides
of the lipoproteins is not the triglyceride-rich layer of fat which appears at the
top of centrifuged rat liver homogenates. This so-called “free-floating” triglycer-
ide pool is turning over slowly and appears to be an intrahepatic storage pool
of triglycerides (13, 138, 315). The immediate precursor pool of the triglyceride
moiety of the plasma lipoproteins of very low density is a small and much more
active hepatic pool (13, 138, 315), probably located in the endoplasmic retic-
ulum (315), where protein synthesis and undoubtedly also lipoprotein synthesis
(195, 331) occur. A large flux of fatty acids passes through this triglyceride
pool in the liver and the plasma lipoproteins of very low density (13, 96, 138,
293). Formation of the latter in the liver, and their subsequent movement into
the plasma, constitutes the essential function of the hepatic triglyceride secre-
tory mechanism.

In the rat (197) the protein moiety of the very low-density plasma lipopro-
teins, the so-called apoprotein of the lipoprotein, constitutes only about 9%
of the mass of the lipoprotein molecule (see also 131). With all other conditions
remaining unchanged, failure of the liver to supply this small amount of spe-
cialized apoprotein would sooner or later result in a drop in the plasma lipo-
proteins of very low density and accumulation of triglycerides in the liver.
This is the central thesis of the protein synthesis hypothesis (195, 272, 300).
What this hypothesis fails to take adequately into consideration is that the apo-
protein, which combines with lipid in the liver to form lipoprotein, may recycle
back to the liver from the plasma, and, that in addition to a breakdown in
hepatic protein synthesis, failure of hepatic triglyceride secretion may be the
result of either defects in combination of lipid with apoprotein or release of
lipoprotein to the plasma (279).

In plasma lipoproteins of very low density the turnover of triglycerides is
much faster than that of protein. In man, dog, and rabbit the protein has a
half-life of 2 to 4 days (10, 121, 122, 234, 290, 337), whereas the triglyceride
turns over in 2 to 4 hours in man (96, 109, 137, 193, 194) and in 10 to 17 minutes
in the rabbit and dog (138, 290). In the rat most of the plasma triglyceride
fraction is in lipoproteins of very low density (197) and it turns over at least
once every 10 minutes (186). In view of the situation existing in other species
it is likely that in the rat the lipoprotein apoprotein turns over much more
slowly than lipoprotein triglyceride. The large difference in turnover rates im-
plies that the apoprotein must return to the liver shorn of lipid, where it re-
enters the hepatic triglyceride secretory mechanism. It is possible that the re-
turning apoprotein may undergo some metabolic alteration in the liver before
it can be re-used for lipoprotein formation. If such alteration involved peptide
bond synthesis the argument favoring a central role for protein synthesis in
carbon tetrachloride fatty liver would be strengthened; but no data are avail-
able on this point.

Direct evidence now exists that the liver can couple preformed plasma pro-
tein with liver lipid to form plasma lipoproteins of very low density. The isolated
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rat liver perfused with blood transfers cholesterol, cholesterol esters, and tri-
glycerides into the perfusion blood as very low-density lipoproteins, but the
transfer process into whole blood ceases after about 2 hours, when only a small
fraction of available hepatic cholesterol has been transferred (89, 132, 277-279).
These observations suggested (90) the exhaustion of some entity in the per-
fusion blood necessary for the lipid transfer process. This entity is a plasma
protein, the so-called “lipid acceptor protein,” or very low-density lipoprotein
apoprotein, which is synthesized in the liver, and can be recovered in the high-
density (d > 1.21) protein fraction of the plasma. The active material is a
glycoprotein (90) recoverable in the globulin fraction (279). Isolated, perfused
livers of rats fed cholesterol will secrete triglycerides, cholesterol, and phos-
pholipids as lipoproteins at a very slow rate when the perfusion medium is
composed of washed red cells in Krebs-Ringer bicarbonate buffer. When the
lipid acceptor protein is added to the perfusion medium, the rate of secretion of
lipids, and notably triglycerides, is greatly increased (279). The secreted lipids
appear in the perfusion fluid almost exclusively as very low-density lipoproteins
(279). CH-labelled lipid acceptor protein, which enters the protein-poor perfu-
sion medium as very high-density lipoprotein, is converted by the liver almost
exclusively into very low-density lipoproteins (279). In the absence of the
liver, incorporation of labelled protein into the very low-density lipoproteins
is markedly reduced (279). The efficient conversion of the lipid acceptor protein
into very low-density lipoprotein exhibits a marked temperature dependence
(279). These experiments show that release of lipid into the plasma is a step-
wise process. The lipoidal and protein moieties of the very low-density plasma
lipoproteins are synthesized de novo by the liver, combined into the definitive
very low-density lipoprotein macromolecules, and eventually extruded into the
plasma. The lipid acceptor protein re-enters the system from the plasma and
is coupled with lipid to form very low-density lipoprotein. This is extruded
back into the plasma. Data are not yet available on the turnover time of this
very low-density lipoprotein apoprotein in rat plasma. Such data are obvi-
ously crucial to the question as to whether this lipid acceptor protein must be
synthesized de novo in secretion of triglycerides by the liver of the rat. However,
on the basis of the argument given above, it is highly likely that the replace-
ment time for the triglyceride moiety of rat plasma lipoproteins of very low
density is much shorter than the replacement time for the lipid acceptor protein.

Roheim et al. (279) investigated the possibility that the lipoprotein apopro-
tein might be degraded in the liver into its constituent amino acids, which
might then be preferentially incorporated into lipoproteins. Incorporation of
labelled d > 1.21 proteins into lipoproteins of low density was not affected by
the presence of a large pool of unlabelled amino acids; this indicates that the
protein precursor does not break down to constituent amino acids in the liver,
but rather is incorporated directly into lipoprotein by combination with lipid.
The latter conclusion was also reached in experiments with puromycin (279).

If the triglyceride moiety of the very low-density plasma lipoprotein fraction
in the rat turns over considerably faster than does the protein moiety, as ap-
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pears likely, then coupling of preformed apoprotein with lipid would be ex-
pected to account for far more of the triglyceride flux from liver to plasma than
would be expected if the protein moiety was synthesized de novo for each lipo-
protein molecule extruded from the liver. This conclusion is significant for the
study of toxic and nutritional fatty liver. In those instances of fatty liver dis-
ease in which failure of hepatic triglyceride secretion is the central pathophysi-
ological defect, the way is now open to determine whether the biochemical basis
of the failure lies in the depression of protein synthesis or in coupling of lipid
acceptor protein to hepatic lipids and final passage of the lipoprotein into the
plasma.

A convincing demonstration of the importance of recognizing the dual nature
of hepatic triglyceride secretion has already been made in the case of the fatty
liver induced by orotic acid (280). Orotic acid fatty liver was first reported in
rats by Standerfer and Handler (314). The fat which accumulates is largely
triglyceride (55). Plasma triglycerides, phospholipids, and cholesterol all begin
to decline within less than 1 day after ingestion of orotic acid begins, and when
the levels of these plasma lipids become depressed, liver triglycerides begin to
accumulate (347). Post-Triton triglyceridemia is markedly depressed in rats
fed orotic acid (347). Windmueller (347) concluded that the mechanism by which
dietary orotic acid induces a fatty liver involves a defect in the synthesis or secre-
tion of lipoproteins by the liver. Orotic acid feeding leads to profound dis-
turbances in hepatic nucleotide metabolism (201, 338). Intrahepatic ATP
levels are depressed in orotic acid fatty liver (283) and in ethionine fatty
liver (95), and addition of adenine to the diet reverses the pathological con-
sequences of both (95, 133).

Liver slices taken from rats fed either ethionine or orotic acid exhibit a marked
depression in the normal capacity to incorporate leucine-1-C* into low-density
serum lipoproteins (274, 283). This observation led to the suggestion that the
defect in orotic acid fatty liver consisted in a failure to synthesize the protein
required to transport neutral lipid from the liver (283). However, orotic acid
feeding does not inhibit growth, and more specifically, hepatic protein synthesis
as a whole is not inhibited in liver slices of rats fed orotic acid (283). This finding
forced the rather unsatisfactory assumption that the defect in hepatic protein
synthesis would have to be specific for the protein required to transport neutral
lipid from the liver (283, see also discussion in 89, p. 230). The realization that
hepatic triglyceride secretion can occur through coupling of preformed lipid ac-
ceptor protein with hepatic lipids provided a new approach to this problem.
Roheim et al. (280) confirmed that orotic acid feeding did not depress the syn-
thesis of liver proteins, and showed that in rats fed orotic acid there was only a
slight depression in incorporation of mixed C'-labelled amino acids into whole
plasma proteins. By contrast, incorporation of C* into the protein moiety of the
very low-density plasma lipoproteins, which comprises only a small fraction of
plasma proteins as a whole, was depressed 97 % in comparison with the isotope
incorporation into the same fraction recorded for normal rats. As pointed out
by Roheim et al. (280), there are 2 distinct possibilities as to why labelled amino
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acids did not appear in the very low-density plasma lipoproteins of rats fed
orotic acid. One of these is that orotic acid feeding results in inhibition of the
synthesis of the lipid acceptor protein uniquely required for formation of plasma
lipoproteins of very low density, without depression of hepatic protein synthesis
in general. The other possibility is that no inhibition of protein synthesis occurs,
but that steps in hepatic triglyceride secretion not involving de novo protein
synthesis are inhibited. Roheim et al. (280) showed that the fatty liver of the
rat fed orotic acid can synthesize the apoprotein of the very low density lipo-
proteins. However, when a fatty liver from a rat fed orotic acid was perfused
with C-labelled d > 1.21 proteins prepared from normal rat plasma, incor-
poration of perfused labelled d > 1.21 proteins into very low-density lipo-
proteins was markedly depressed. The liver of the rat fed orotic acid, although
capable of manufacturing the lipid acceptor protein, could not convert d > 1.21
proteins into very low-density lipoproteins. Roheim et al. (280) also showed
that when the liver from a rat fed orotic acid was perfused with d > 1.21 pro-
teins, no lipoprotein was released. When the pathological liver was replaced
during the perfusion by a liver from a rat fed cholesterol, lipoproteins rapidly
appeared in the perfusate. It is apparent from these experiments that orotic
acid feeding results in an inhibition of the auxiliary coupling branch of the
hepatic triglyceride secretory mechanism. Not only is over-all synthesis of liver
proteins and plasma proteins apparently unaffected by orotic acid feeding, but
synthesis of the apoprotein of the very low-density lipoproteins appears also
to be relatively unaffected. It is apparent that in whole animal experiments, or
in experiments with perfused livers or liver slices, failure of amino acid C* label
to appear in very low-density plasma lipoproteins can be due to a primary
failure in hepatic protein synthesis, but it can also be due to defects in coupling
of lipid to lipoprotein apoprotein, or in extrusion of lipoproteins to plasma
under circumstances in which hepatic protein synthesis may be unimpaired.

The liver of the rat fed cholesterol, when perfused with buffer solution con-
taining red cells alone, transfers lipid to the perfusion medium at a very reduced
rate. When lipid acceptor protein is added to the perfusion medium, the rate of
transfer of lipid from liver to perfusion medium is increased 10-fold or more
(279). This result supports the view given above that recycling of lipoprotein
apoprotein probably accounts for a much greater share of the triglyceride
flux from liver to plasma than does extrusion of lipoproteins formed from newly
synthesized lipoprotein apoprotein. Similar experiments with the liver of the
dog or the rabbit would be most interesting, since in these species the replace-
ment time of the triglyceride moiety of the very low-density plasma lipoproteins
appears to be very short in comparison to the replacement time for the lipo-
protein apoprotein.

The dual nature of the hepatic triglyceride secretory mechanism, as revealed
in the analysis of the orotic acid fatty liver, provides a framework for the analy-
sis of other instances of fatty liver disease. Ethionine fatty liver is a case in point
(see 92, 95, and 318 for reviews). Ethionine fatty liver is similar to orotic acid
fatty liver and to carbon tetrachloride fatty liver insofar as triglycerides ac-
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cumulate because of their failure to leave the liver (196, 226). Within 2 hours
after administration of ethionine to female rats, liver ATP levels are reduced
to 20 % of control levels, and 1 hour after this dramatic fall in ATP levels there
is a residuum of hepatic protein synthesis of less than 20% of normal (336). It
is reasonable to suppose that such marked depression in hepatic protein syn-
thesis would be reflected in a serious restriction in de movo synthesis of the
apoprotein moiety of very low-density plasma lipoproteins. If movement of
triglycerides from the liver depended exclusively on de novo synthesis of all
parts of the triglyceride-carrying very low-density lipoproteins, one would
expect that a marked depression in hepatic protein synthesis would result in
an immediate onset in hepatic triglyceride accumulation. This does not appear
to be the case. Hepatic triglyceride accumulation as shown by analysis of whole
rat livers for triglycerides is not evident until about 6 hours after administra-
tion of ethionine (94, 196), after which it proceeds rapidly. The picture that
emerges from these studies is the following: Ethionine poisoning leads primarily
to a depression in hepatic protein synthesis. The depression in protein synthesis
is not necrogenic (95); hence a wide variety of hepatocellular functions con-
tinue more or less normally. In particular, the auxiliary coupling branch of the
hepatic triglyceride secretory mechanism continues to function after depression
of protein synthesis sets in. It is for this reason that hepatic triglyceride ac-
cumulation is delayed after depression of protein synthesis has set in. However,
the apoprotein of the plasma very low-density lipoprotein fraction has a finite
lifetime. Once the supply of new lipid acceptor protein is cut off, the steady-
state level of this plasma protein declines. After this phase of the process is
essentially complete, a matter of about 3 to 4 hours after the depression of
protein synthesis, hepatic triglyceride accumulation finally begins.

Villa-Trevino et al. (335, 336) showed that feeding of adenine reverses the
inhibition in hepatic protein synthesis caused by ethionine feeding, and Farber
et al. (94) showed that adenine or ATP feeding also prevented the fatty liver.
This effect appears to involve maintenance of adequate levels of hepatic ATP,
depleted by ethionine feeding (95). However, adenine also reverses the fatty
liver of orotic acid feeding (133). It has also been reported that ATP adminis-
tration protects against the hepatic triglyceride infiltration observed after ad-
ministration of carbon tetrachloride, ethanol, and azaserine (164). The protective
effects of adenine and ATP administration suggest that these various patho-
logical conditions may have certain features in common which have not yet
become apparent. Nevertheless, at the present time, the available data support
the view that the fatty liver of ethionine feeding is most probably due to a pri-
mary failure in hepatic protein synthesis.

Regarding carbon tetrachloride poisoning, the view (195, 212, 275, 300, 311,
312) that depression of protein synthesis is the key to the hepatic lipid accumu-
lation can now be critically examined. In the opinion of this reviewer the avail-
able evidence favors destruction of the auxiliary coupling phase of hepatic
triglyceride secretion as the most probable initial event. The experimental
work of Robinson and Harris (274) with puromycin has been cited in support
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of the protein synthesis hypothesis, yet, as McLean et al. (212) have pointed
out, actinomycin D markedly inhibits protein synthesis without producing
fatty change. Thioacetamide also depresses hepatic protein synthesis, but does
not lead to hepatic lipid infiltration (15, 264, 265). Hydrazine, on the other hand,
like orotic acid, produces lipid infiltration without depressing hepatic protein
synthesis (4, 5). It is clear from these examples that a dual effect of an agent such
as carbon tetrachloride on depression of protein synthesis and hepatic triglyceride
accumulation cannot be taken by itself as evidence that the lipid infiltration is
caused by the depression in protein synthesis. Other aspects of the pathological
situation, in particular the rapidity of the triglyceride accumulation, and the
time of onset of the changes being monitored, must be taken into consideration.

As discussed above, in the intact animal coupling of preformed lipid acceptor
protein with liver lipids probably accounts for a much larger share of the flux of
triglvcerides from liver to plasma than does flux of triglycerides dependent on
de novo synthesis of lipid acceptor protein. For hepatotoxic agents or dietary
conditions whose action is exclusively or mainly to suppress protein synthesis,
but which have relatively little effect on the auxiliary coupling phase of hepatic
triglyceride secretion, one would expect to find an initial period during which
protein synthesis is suppressed with little or no hepatic triglyceride accu-
mulation. During this phase, the auxiliary coupling branch of hepatic triglyceride
secretion, which accounts for most of the triglyceride flux, would continue to
function. Once the supply of lipid acceptor protein is exhausted, the rate
of triglyceride accumulation should promptly increase. Outright destruction of
the auxiliary coupling branch of the hepatic triglyceride secretory mechanism on
the other hand would be expected to result in the prompt onset of he-
patic triglyceride accumulation at a maximal or near maximal rate. A prompt
onset of rapid hepatic triglyceride accumulation is well documented for carbon
tetrachloride poisoning (197, 296, and see VI C, above). Furthermore, as shown
with exceptional precision by Lombardi and Ugazio (197), after carbon tetra-
chloride poisoning in the rat there is a precipitous drop in the content
of triglycerides in the plasma lipoproteins of very low density, as one would
expect if the reaction of the liver to the toxic agent resulted in a sudden failure of
the auxiliary coupling branch of the hepatic triglyceride secreting mechanism.

An analysis of the isotope data of Robinson and co-workers also supports the
view presented here. Seakins and Robinson (300) studied the effect of carbon
tetrachloride administration on incorporation of amino acids into liver proteins
and serum lipoprotein proteins. When protein synthesis was tested with liver
slices 2 hours after intoxication, incorporation of C'-leucine into d < 1.063
lipoproteins was depressed to a much greater extent (144 of control levels) than
was incorporation into liver proteins (24 of control levels). This result is what
one would expect if the auxiliary coupling phase of the hepatic triglyceride secre-
tory mechanism were nonfunctional while at the same time hepatic protein syn-
thesis was only minimally affected. With the coupling and release mechanisms
destroyed, the major pathway for movement of newly synthesized lipid acceptor
protein into plasma very low-density lipoproteins is eliminated. New protein
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may be synthesized, but if the auxiliary coupling phase of hepatic triglyceride
secretion is nonfunctional, the newly formed protein will not appear in the low-
density plasma lipoproteins.

In summary, depression of protein synthesis is a prominent feature of the liver
damaged by carbon tetrachloride, but this depression of protein synthesis is not
the primary lesion involved in the reaction of the liver to the toxic agent. A more
basic chemical phenomenon of some sort must constitute the primary lesion.
Depression of protein synthesis is probably not the key to the necrotizing action
of carbon tetrachloride, since some hepatotoxins, e.g., ethionine and actinomyein
D, depress hepatic protein synthesis yet are not necrotizing. Finally, depression
of protein synthesis is probably not the most important prerequisite for hepatic
lipid accumulation of carbon tetrachloride poisoning. The protein synthesis
hypothesis does not take into account the dual nature of the hepatic triglyceride
secretory mechanism. Rather than a defect in hepatic protein synthesis, outright
destruction of the auxiliary coupling phase of hepatic triglyceride secretion is
most probably the key defect which accounts for the early onset and rapid rise of
hepatic triglyceride content after carbon tetrachloride poisoning.

It should be pointed out that loss of function in the auxiliary coupling phase
of hepatic triglyceride secretion may, and most probably does, involve loss of
biosynthetic mechanisms of some kind necessary for coupling of lipid acceptor
protein and lipid in the essential step which results in formation of very low-
density lipoproteins. The essence of the analysis given here is that this
biosynthetic mechanism, whatever its nature may be, does not involve the com-
plete assembly of the lipid acceptor protein from its constituent amino acids. In
the opinion of this reviewer, the problem of how lipid acceptor protein combines
with lipid to form lipoproteins, and in particular the relationship of this process
to the nature and integrity of hepatic cell cytoplasmic membranes, is one of the
most important and most challenging problems existing at the present time in the
study of toxic and nutritional fatty liver disease.

VIII1. LIPOPEROXIDATION AND THE MECHANISM OF
ACTION OF CARBON TETRACHLORIDE

Recent work has projected study of the metabolism of carbon tetrachloride
into the forefront. The central issues are the nature and location of mechanisms
involved in cleavage of the carbon-to-chlorine bond and the possible consequen-
ces of this cleavage, including in particular the peroxidative destruction of
structural lipids in the hepatic cells.

A. Timetable of major events in carbon tetrachloride-induced liver injury

In the rat, hepatic lipid metabolism is profoundly disturbed within the
first 30 minutes after intragastric administration of carbon tetrachloride (197).
The rapid onset of disturbed hepatic lipid metabolism is accompanied and
followed by a maze of altered structural and metabolic patterns. Change
in appearance of the endoplasmic reticulum, depression of microsomal enzyme
activity, and depression of hepatic protein synthesis are demonstrable within
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the first hour after intoxication. Within 2 to 4 hours calcium content of liver
mitochondria is already doubled and it rises rapidly thereafter, becoming 15
times normal by 40 hours (262, 270, 328). Associated with this abnormal move-
ment of calcium into the liver cells, there are other disturbances in electrolyte
distribution, and swelling of the liver cells (212). Liver glycogen is depleted
after carbon tetrachloride poisoning (284). The lysosomes become disrupted
between the fifth and the tenth hour (8, 65, 68, 256, 332). Intracellular enzymes
appear in the plasma (262, 266, 267). Mitochondrial damage sets in about 10
hours after intoxication. Focal necrosis is evident as early as 6 hours after poison-
ing, and at first is midzonal (345). By 12 hours the centrilobular cells exhibit
prenecrotic changes, and balloon cells are prominent in the midzonal region. By
24 hours there is marked centrilobular necrosis affecting up to half of the lobule
(345).

In considering this array of pathological disturbances, 2 fundamental ques-
tions must be considered. (1) What is the initial event in the reaction of the
liver to the toxic agent? (2) Of the whole set of effects in the reaction of the liver
to the toxic agent, which are critical for hepatocellular necrosis? The subject of
hepatocellular necrosis has been reviewed very recently by McLean et al. (212).
The interesting review by these workers should also be consulted for literature on
the hepatotoxicity of thioacetamide, dimethylnitrosamine, pyrrolizidine alkaloids,
aflatoxin, cycasin, sporidesmin, the toxin of Penicillium islandicum, ethionine,
and dietary liver necrosis (see also 165, 167, 262, 263). Popper and Schaffner
(244) should be consulted for the literature on histopathology of carbon tet-
rachloride hepatotoxicity and its sequelae.

To the knowledge of this reviewer, no one has yet demonstrated which of
the changes induced by carbon tetrachloride are the critical ones leading to
the death of the cell. The complexity of the situation is evident from recent
observations of Wigglesworth (345), who has emphasized that at least 2 sepa-
rate series of changes appear to be taking place in cells of the midzonal region.
One appears to be entirely cytoplasmic and is characterized by increased os-
mophilia. The other involves both cytoplasm and nucleus, and is characterized
by gross vacuolization of the cytoplasm and increased osmophilia and pyknosis
of the nucleus. Cells of the central zone, where necrosis eventually becomes
most prominent, are involved in what appears to be a third series of pathological
changes leading to cell death.

Whatever the changes may be that lead to death of the cell, triglyceride
accumulation per se does not appear to be decisive. The triglyceride accumulation
produced by ethionine or by choline deficiency is not necrogenic. Antihistaminics
afford some protection against the necrogenic effects of carbon tetrachloride,
but not against the fatty changes (267). Futhermore, some hepatotoxins such
as thioacetamide produce cellular necrosis with little or no lipid accumulation.
This point has been emphasized by Rees and Shotlander (264, 265), although
Gupta (130) found lipids in the centrilobular areas 9 hours after thioacetamide
poisoning.

Depression of protein synthesis does not appear to be the critical step pre-
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ceding cell death (see Section VII). Regarding the lysosomes, McLean et al.
(212) have pointed out that the occurrence of coagulative necrosis as opposed
to liquefaction necrosis casts doubt on the notion that rupture of these organelles
is indispensible in the pathogenesis of necrosis (see 62 for review).

The onset of mitochondrial damage would be expected to have the most serious
of consequences (212). In this connection, the possible role in the necrogenic
process of abnormal entrance of calcium into the cell has long been recognized.
Calcium ions produce mitochondrial swelling (159), inhibit oxidations dependent
on pyridine nucleotides (159), and activate mitochondrial ATPase (245). This
suggests that mitochondrial involvement may be secondary to the entrance of
calcium into the cell. If loss of mitochondrial function is the key event precip-
itating the changes leading to cell death, and if loss of mitochondrial function
depends primarily on abnormal levels of intracellular calcium, then an early
loss of the selective permeability of hepatocellular membranes would loom
large as a key defect. Yet, some of the earlier sequelae of carbon tetrachloride
poisoning do not appear to depend on entrance of calcium into the cell. For
example, Smuckler (306) reported that very high levels of calcium (10 times
normal) were necessary to depress amino acid incorporation significantly in a
cell free system, whereas polysome-bound calcium *. . . seems instead to decrease
in CClq intoxication.” Certainly, within the first hours after carbon tetrachloride
poisoning, when hepatic protein synthesis is considerably depressed, hepatic
cell calcium, although somewhat elevated, is nowhere near 10 times normal. In
one experiment in our laboratory we could detect no depression of hepatic
microsomal glucose-6-phosphatase activity in vitro on addition of calcium ions
over a wide concentration range. In other unpublished work we could not “ac-
tivate” particle-bound lysosomal acid phosphatase by addition of calcium ions
n vitro. Glucose-6-phosphatase and the microsomal enzymes of protein synthesis
are membrane bound. The activities of these enzymes are markedly depressed
within the first 2 to 4 hours after carbon tetrachloride poisoning. The fact that
these enzymes are little affected by addition of calcium ions #n vitro speaks against
the notion that these early changes could be due to a simple interaction between
calcium ions and the catalytic sites involved. It would seem much more likely
that a direct attack by carbon tetrachloride or its cleavage products on the
integrity of the membranous components of the endoplasmic reticulum is in-
volved. Furthermore, entrance of calcium into the liver cells of carbon tetra-
chloride-poisoned rats is only one index of what appears to be a more general
breakdown in the selective permeability of liver cell membranes. Loss of liver
cell enzymes to the plasma has been reported by a number of workers (80, 81,
212, 262, 266, 267). This loss of protein is undoubtedly accompanied by loss of
cofactors of smaller molecular weight (305), intermediates, and ions (165-167,
212). It is clear that one of the earliest, and perhaps the most far-reaching event
in the interaction of the liver cell with carbon tetrachloride involves a destruc-
tive attack on the membranous components of the cytoplasm. The most recent
work points in this direction.
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B. Lipoperoxzidation

One approach to the elucidation of the mechanism of action of carbon tet-
rachloride has been through studies of conditions that ameliorate or exacerbate
the toxic effects. Early work centered on the relationship of the nutritional
state of animals to yellow atrophy of the liver after chloroform anesthesia
(86, 87, 298) and the protective effect of drugs and other agents against poison-
ing by carbon tetrachloride and chloroform (58). In 1936, Forbes and Neale
(102) described a preparation from hog liver that protected rats against hepatic
necrosis resulting from carbon tetrachloride. The protective agent was xanthine
(221). Protection by xanthine against liver injury induced by chloroform was
reported by Vars et al. (333). However, the latter workers (248, 333) found that
sodium ricinoleate given subcutaneously 24 hours before chloroform anesthesia
protected rats from hepatic injury. Subcutaneous colloidal carbon (India ink)
gave some protection. They ascribed these effects to a nonspecific inflammatory
response, a conclusion which Calder (40) supported. It is interesting to note
that Goldschmidt et al. (124) some time earlier had reported a protective action
of oxygen inhalation against the necrotizing effect of chloroform and other
anesthetics on the liver. This action of oxygen has never been explained in
biochemical terms.

Leach and Forbes (187) reported that sulfanilamide, sulfathizole, and sul-
fapyridine, but not sulfanilic acid, protected against the lethal effects of carbon
tetrachloride inhalation. This effect was confirmed by Wilson (346), who ruled
out effects on intestinal flora or on the thyroid as factors. Miller and co-workers
(216-218) found that methionine prevented liver damage in protein-depleted
dogs even when given 3 to 4 hours after chloroform anesthesia, but methionine
was of no additional benefit in dogs receiving adequate dietary protein. Drill and
Loomis (88) found methionine to be ineffective against carbon tetrachloride liver
damage. Brunschwig and co-workers (35, 36) reported on protection by various
sulfhydryl compounds. Sodium thioglycollate was particularly effective.

In 1938, Campbell (45, 46) observed that a 5- to 7-day diet of raw carrots
considerably lengthened the otherwise brief life span of rats subjected to lethal
degrees of acute anoxia. The protective agent in carrots was not vitamin A.
Campbell’s observation was confirmed by Nelson et al. (222). Forbes and Talia-
ferro (103) then showed that a carrot diet afforded some protection against acute
carbon tetrachloride toxicity. Hove et al. (158) confirmed that vitamin A was
inactive against anoxic anoxia, and observed a protective effect by vitamin E.
This set the stage for experimental work testing the effectiveness of vitamin E
and other antioxidants in carbon tetrachloride poisoning. Hove (156) maintained
rats on vitamin E-deficient diets that were also low in casein. In all such rats,
200 ul of carbon tetrachloride given intraperitoneally produced death within 4
days. With dietary supplements of theophylline or methionine, no deaths oc-
curred within 4 days. a-Tocopherol also afforded marked protection. Hove (156)
pointed out that theophylline and methionine, as well as a-tocopherol, were
antioxidants in vitro. The antioxidant property of theophylline appears to de-
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pend on the lability of the hydrogen atom at the 7-position in the imidazole
nucleus. It is interesting to note that Hove found guanine to have a moderate
protective effect. He also confirmed that xanthine was moderately effective. The
latter 2 compounds also have replaceable hydrogens at the 7-position. Theo-
bromine, with a methyl group at the 7-position, afforded no protection. However,
hypoxanthine also was inactive. Methionine acts synergistically with primary
antioxidants, such as a-tocopherol, greatly increasing the antioxidant effective-
ness of the latter (50, 299). Hove (157) noted a pro-oxidant effect of carbon tetra-
chloride in a nonbiological system.

Antioxidant protection against the hepatotoxic effects of carbon tetrachloride
was rediscovered by Gallagher (114, 115). This appears to have come about in
the following way. Childs and Siegler (48) reported in 1945 that thioacetamide
prevented certain types of decay in oranges. Four years later Ambrose et al.
(3) reported hepatic necrosis and death of rats after oral administration of
thioacetamide. Thioacetamide hepatotoxicity was investigated more thoroughly
by Gupta (130) and by Gallagher et al. (116). According to the latter workers,
it was Ramchandra Rao who first suggested in 1933 that the centrilobular necrosis
of carbon tetrachloride poisoning somewhat resembled the liver damage seen in
prolonged shock. Since the latter was believed to be due to histamine, the release
of histamine was implicated in toxic liver injury. The possibility that histamine
release may have been a factor in thioacetamide poisoning led to experiments
with antihistaminics. Pyrilamine, promethazine, and diphenhydramine all gave
some protection against thioacetamide poisoning (116). These workers suggested
that thioacetamide produced a primary loss of selective permeability of hepatic
cell membranes. This was supposed to lead secondarily to entrance of calcium
ions into the cell, which in turn was believed to precipitate a variety of bio-
chemical disturbances leading to necrosis, autolysis, etc. The antihistaminics
were thought to protect against membrane degeneration. In 1960, McLean (210)
reported that promethazine or EDTA added in vitro prevented the early onset
of a decline in oxygen uptake of slices taken from prenecrotic livers of rats fed
Himsworth’s vitamin E-deficient, necrogenic diet. Promethazine added to the
diet delayed the onset of liver necrosis. McLean (211) shortly after described
a test system for potassium reaccumulation by rat liver slices. After only 3 days
on the necrogenic diet, the capacity of rat liver slices to regain lost potassium
is markedly depressed, and promethazine in vitro prevents this depression.
McLean suggested that a “chain of reactions” was set into motion by trauma
to the liver, e.g., by thioacetamide, or by manipulation, cutting, etc., of the pre-
necrotic livers of rats on vitamin E-deficient diets. Promethazine in some way
appeared to block the chain of reactions leading to death of the cells. In 1961,
Rees et al. (267) reported that promethazine given to rats together with or
6 hours after carbon tetrachloride greatly diminished necrosis, assessed histo-
logically at 24 hours. The work of McLean (210, 211), which showed that pro-
methazine under certain circumstances could substitute for vitamin E, suggested
that the antioxidant property of this phenothiazine derivative might be the
key to its protective effects against carbon tetrachloride. This prompted experi-
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mental work on the possible effectiveness of better known antioxidants against
carbon tetrachloride toxicity. Gallagher (114, 115) found that a-tocopherol given
40 hours before an otherwise lethal dose of carbon tetrachloride prevented death.
Diphenyl-p-phenylenediamine (DPPD) given 48, 24, and 0 hours before car-
bon tetrachloride, also afforded complete protection. Selenium was moderately
effective. Protection by selenium against carbon tetrachloride liver damage in
rats has been reported by Fodor and Kemeny (101). On the basis of certain earlier
experiences on protective effects achieved by intraperitoneal injection of nicotinic
acid or tryptophane 2 days before carbon tetrachloride administration to sheep
or rats (113, 117), Gallagher (114, 115) attempted to rationalize the protective
effects of antioxidants in terms of maintenance of hepatocellular levels of oxidized
pyridine nucleotides. Indeed, he found that administration of antioxidants before
carbon tetrachloride preserved much higher levels of oxidized pyridine nucleotides
than in rats given the same dose of carbon tetrachloride alone. An important
question which has not yet been answered is whether the maintenance of oxidized
levels of pyridine nucleotides is a specific biochemical effect related to the met-
abolic function of antioxidants, or whether a generalized protective effect by anti-
oxidants against cell membrane destruction is involved.

DiLuzio (75) reported that intraperitoneal a-tocopherol acetate or DPPD
markedly reduced the hepatic triglyceride accumulation due to ethanol. It may
be mentioned that Lieber and DeCarli (191) recently reported that addition of
large amounts of antioxidants to nutritionally adequate diets containing 36 %
of calories as ethanol had no effect on ameliorating the long-term increase in liver
triglycerides induced by ethanol. On this and other grounds, Lieber and DeCarli
considered the acute and chronic effects of ethanol ingestion to involve different
pathological mechanisms.

In 1963, Judah et al. (166), aware of the earlier work of Calder (40), which ap-
peared to indicate a nonspecificity for protective agents given intraperitoneally,
had cautioned against the interpretation that protection achieved by intraperi-
toneal administration of antioxidants implied an antioxidant mechanism of action
for the protective agent. However, DiLuzio (76) reported that the commercial
antioxidant G-50®, a mixture of butylated hydroxytoluene, butylated hydroxy-
anisole, and propyl gallate in oil, given orally simultaneously with ethanol, re-
duced the hepatic triglyceride accumulation, an effect also reported for oral
DPPD (78). Since antioxidants afforded some protection against hepatic lipid
infiltration, induced by either ethanol or carbon tetrachloride, DiLuzio and co-
workers (76-78) suggested that a common link in the acute effects induced by
feeding these substances to rats may be formation of lipid peroxides accompanied
by breakdown of function in the mitochondria, and in other membranous com-
ponents of the liver cell (see 53, 69, 254, 304).

Peroxidative decomposition of membrane structural lipids engenders serious
consequences (see 2, 325, 326 for reviews). Depending on the type of cell, and
the particular membrane involved, lipoperoxidation results in hemolysis
(37, 330) mitochondrial swelling and disintegration (152, 160-162, 327), loss of
enzyme function in the endoplasmic reticulum (120), and lysosomal disinte-
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gration (63). It is not known whether these changes of membrane properties
are due mainly to alterations in orientation of membrane lipids consequent to
lipoperoxidation, or to an attack by lipoperoxides on membrane proteins (64).
According to DiLuzio, DPPD and a-tocopherol, acting as intracellular anti-
oxidants, would prevent the formation of lipid peroxides and would thus pro-
tect normal structure and enzyme activity of cellular membranes.

In essence, the lipoperoxidation hypothesis suggests that carbon tetrachloride
poisoning initiates an intrahepatic process of destructive lipoper-
oxidation akin to the development of rancidity in stored fatty foods. In the
food industry, rancidity is detected and quantified by a number of methods,
one of the most sensitive being the thiobarbituric acid reaction for malo-
naldehyde. Dahle et al. (56), Day (60), and Lillard and Day (192) should be
consulted regarding possible chemical mechanisms involved in the origin of
malonaldehyde in autoxidizing lipids. Efforts to detect malonaldehyde in rat
liver after carbon tetrachloride poisoning have not been successful (246, 252,
253). However, malonaldehyde can be metabolized. Holtkamp and Hill (154)
reported an increased rate of oxygen consumption when malonaldehyde was
added to whole rat liver homogenates, and Placer et al. (241) reported the rapid
metabolism of malonaldehyde ¢n vivo after its intraperitoneal administration
to rats. Recknagel and Ghoshal (252, 253) showed by substrate disappearance
studies that malonaldehyde is metabolized over mitochondrial pathways in
rat liver. The fact that malonaldehyde is readily metabolized meant that failure
to detect it in vivo could not be taken as evidence that lipoperoxidation had
not occurred. This opened the door to the possibility that direct evidence for
carbon tetrachloride-induced lipoperoxidation could be detected in some other
way. Solution of the problem came in the form of an expansion of the lipoper-
oxidation hypothesis of DiLuzio and colleagues. This took into consideration
recent work on the metabolism of carbon tetrachloride and a possible relation
of the latter to peroxidative decomposition of structural lipids of hepatic cells.

The old idea that the toxicity of carbon tetrachloride depends in some way
on its lipid solubility is not convincing (120, 254, 304). Many organic, nonpolar
compounds with similar solubilities are not hepatotoxins, e.g., nonchlorinated
hydrocarbons and ethers. Even some haloalkanes with solubilities like that of
carbon tetrachloride have little hepatotoxicity. Only about 150 cases of hepatic
involvement have been reported among 50 million administrations of halothane
for anesthesia (136). In low doses, carbon tetrachloride has a remarkably selec-
tive action on the liver of laboratory animals (see 263). The intestine, where
1t is absorbed (271), can be exposed to relatively high concentrations with impu-
nity. Carbon tetrachloride is carried throughout the body by the circulation
and is excreted largely via the lungs (236). Many cells in other organs are as
richly endowed with lipoidal membranes as are the parenchymal cells of the
liver, yet, with the exception of the kidney, they escape serious effects. The
liver of the newborn rat is almost completely resistant to carbon tetrachloride
(59) even if exposed to the same concentrations as the adult liver. The doses
that affect the adult liver are low indeed. One ul of carbon tetrachloride per
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100 g of body weight, fed to rats, depresses hepatic glucose-6-phosphatase activ-
ity and more than doubles liver triglycerides (254, 268). Such minute quantities
could hardly damage the liver merely by dissolving in the lipoidal components
of its cell membranes. These considerations suggest that the selective toxicity
of carbon tetrachloride for the liver must depend in some way on its metabolism
by the liver. That carbon tetrachloride is actually metabolized in the body has
been known since the work of McCollister ef al. (208) in 1951. Ten years later,
Butler (38) showed that carbon tetrachloride is reduced to chloroform both
in vivo and n vitro. He suggested that the carbon-chlorine bond in carbon tetra-
chloride and chloroform was subjected to homolytic cleavage, yielding the cor-
responding free radicals, which could then alkylate sulfhydryl groups of enzymes.
In an important theoretical paper Wirtschafter and Cronyn (349) developed a
general theory for solvent toxicity. According to their idea, the toxicity of sol-
vents can best be understood by their reaction with free radicals that are normal
intermediates in many important biological processes. Thus, a potentially toxic
solvent A:B might be attacked by a pre-existing free radical, X-, to vield a
new free radical B- and X:A. The new free radical could then react with sulf-
hydryl groups, as suggested by Butler. Wirtschafter and Cronyn (349) suggested
that transfer constants be used as a guide to the understanding of solvent tox-
icity. Transfer constants are empirically derived in the field of polymer chemistry
to indicate the relative rate of reaction of polymer chains with solvent molecules
compared to their rate of reaction with new monomer units (340). For a series
of solvents, the member with the highest transfer constant is most likely to be
attacked by the free radical end of the growing polymer chain. Thus the transfer
constant is a measure of the tendency of a solvent to undergo a homolytic cleav-
age under the conditions employed. The transfer constants for carbon tetra-
chloride, benzene, and cyclohexane (340, p. 152) indicate that carbon tetra-
chloride is much more prone to undergo homolytic cleavage than are benzene
and cyclohexane, and the former is much more potent as a liver toxin (348, 349).
On the other hand, some compounds, e.g., ethyl thioglycollate, n-dodecyl mercap-
tan, n-butyl mercaptan, etc. (340, p. 153), have transfer constants many orders
of magnitude greater than that for carbon tetrachloride, yet are not selectively
toxic for the liver.

Recknagel and Ghoshal (254) pointed out that substances with high free-
radical reactivity are also initiators of reactions catalyzed by free radicals.
Furthermore, it has been known for many years (153) that the hydrogen atoms
on the methylene bridges separating the double bonds in polyenoic fatty acids
are particularly sensitive to free-radical attack. Following such an attack, the
resulting organic free radical, either immediately or after a resonance shift of the
free radical electron, rapidly forms the corresponding organic peroxide free
radical, and eventually the corresponding organic peroxide. Molecular oxygen
is paramagnetic and bears 2 unpaired electrons (118). Thus molecular oxygen
is itself a di-free radical, and its reaction with organic free radicals to form the
corresponding organic peroxide free radical occurs extremely rapidly (213). The
organic peroxides are in general unstable compounds. They undergo a number
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of very complex and still poorly understood reactions, leading to cleavage of
the carbon chain, with formation of highly organoleptic aldehydes and ketones,
malonaldehyde, and other products. Cleavage of the organic peroxides tends
to be homolytic, yielding 2 new free radicals, which in turn can attack
neighboring methylene bridges. The process, once initiated, is autocatalytic.
This free radical-initiated, autocatalytic, peroxidative breakdown of unsaturated
long-chain fatty acids is at the heart of the rancidity problem, of primary impor-
tance in the problem of food storage (153). Antioxidants protect stored foods
against spoilage of rancidity by interrupting the self-propagating chains of
peroxidative lipid breakdown. This theory of rancidity is the cornerstone of
the version of the lipoperoxidation hypothesis advanced by Recknagel and co-
workers (119, 120, 254). Rubinstein and Kanics (285) had shown that carbon
tetrachloride was preferentially metabolized by the microsome fraction of rat
liver, in the presence of the supernatant fraction. Recknagel and Ghoshal (254)
pointed out that (a) the earlier work on the histopathology and biochemical pa-
thology of carbon tetrachloride toxicity had clearly indicated that the endo-
plasmic reticulum of the hepatic parenchymal cell was the primary subcellular
organelle involved in the early stages of liver damage, (b) the membranous com-
ponents of the endoplasmic reticulum are thin, delicate, lipoprotein sheets, (c)
the lipoidal centers of these sheets can be imagined to be composed of ordered
arrangements of the fatty acid side chains of complex lipids, mostly phospho-
lipids, (d) it can easily be imagined that functional properties of the endoplasmic
reticulum could depend on maintenance of ordered lipoprotein structures, (e) a
large fraction, of the order of 40%, of total liver phospholipid fatty acids are
polyenoic, with a high content of arachidonic acid (16, 155), and (f) it was pre-
cisely in or near the lipoidal components of the endoplasmic reticulum, where a
high density of methylene-bridge interrupted unsaturations prevailed, that car-
bon tetrachloride appeared to be metabolized. On the basis of these considerations
the following hypothesis was advanced (254): ‘“We envisage that the central and
primary event in carbon tetrachloride hepatotoxicity is the homolytic cleavage
of the toxic agent to trichloromethyl free radical and monatomic chlorine, as
first suggested by Butler. This cleavage takes place in or near the endoplasmic
reticulum of the hepatic parenchymal cells. Normally, the methylene bridges of
the unsaturated fatty acid side chains are no doubt under constant threat of free
radical attack, but the propagation of free radical catalyzed chains of destructive
lipoperoxidation is prevented by a-tocopherol, by other antioxidants, and no
doubt by other means as well. We envisage that the sudden appearance of rela-
tively high concentrations of free radicals, from the homolytic cleavage of carbon
tetrachloride in or near the lipoidal centers of sheets of endoplasmic reticulum,
initiates so many chains of autocatalytic, peroxidative breakdown of the un-
saturated fatty acids, that normal levels of antioxidant protection are over-
whelmed.” The hypothesis envisages that morphological alteration of the hepatic
endoplasmic reticulum (9, 17, 225, 312), loss of drug-metabolizing activitv (112,
214, 224), loss of glucose-6-phosphatase activity (258), loss of protein synthesis
(300, 312), and loss of the capacity of the liver to form and excrete low-density
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B-lipoproteins (197), all of which are early manifestations of carbon tetrachloride
poisoning, are at least in part derivative phenomena, the resultants of a primary
attack by the split products of carbon tetrachloride metabolism on the lipoidal
elements of the endoplasmic reticulum.

One contribution of the hypothesis has been its usefulness in leading directly
to experimental confirmation that lipoperoxidation is a factor in carbon tetra-
chloride hepatotoxicity. Free-radical attack on the methylene bridges of poly-
unsaturated fatty acids is the first step in their peroxidative breakdown. Fol-
lowing the initial attack, shift of the organic free radical electron results in
the appearance of intense diene conjugation absorption (20). Recknagel and
Ghoshal (254) were able to detect typical diene conjugation absorption in rat
liver microsomal lipids as early as 90 minutes after carbon tetrachloride poisoning.

Since lipoperoxidation involves a destructive attack on polyenoic fatty acids,
one would expect to find a marked reduction in polyunsaturated fatty acids
of microsomal material subjected to extensive peroxidation in vitro. May et al.
(206) reported marked decreases in arachidonic and docosahexaenoic acids in
microsomal lipids peroxidized in the TPNH-dependent system of Hochstein and
co-workers (149-151) and Orrenius et al. (235). Recknagel and Ghoshal (254)
peroxidized a rat liver microsome system n vitro until the capacity of the system
to produce malonaldehyde was exhausted. Subsequent gas-liquid chromato-
graphic analysis revealed that the arachidonic acid of the peroxidized micro-
somal lipids was reduced to 3£ of control levels, and that an unidentified fatty
acid, probably docosahexaenoic acid, was reduced to 34 of control levels. Within
90 minutes after carbon tetrachloride administration #n vivo, the arachidonic
acid of rat liver microsomal lipids is reduced by 20 % (254), and by 24 hours the
percentage of arachidonic acid in total liver phospholipids is decreased by 33 %
(155). It is evident that the extension of such analytical studies to the fate of
the structural lipids of the liver cell after poisoning by other hepatotoxins should
be most interesting.

Another method used in the food industry for measuring rancidity is the direct
estimation of lipoperoxides. Iodimetric (57, 344) and chromatographic procedures
(215) are available. Milas (215) and Philpot (238) have emphasized the lability
of organic peroxides as well as the readiness with which they appear artifactually
in lipids of animal origin during extraction procedures. Furthermore, metal ion
catalysis of organic peroxide decomposition is well known (18, p. 159). These
considerations suggest that iodimetric titration of lipoperoxides might not be a
reliable means for demonstrating that lipoperoxidation has occurred ¢n vivo, and
indeed Recknagel and Ghoshal (255) detected diene conjugation absorption in
microsomal lipids 2 hours after carbon tetrachloride poisoning, but could not de-
tect lipoperoxides. However, DiLuzio and Kalish (79) reported an increase in
lipid peroxide levels in total liver lipids of the rat after acute ethanol intoxication.
Comporti et al. (53) reported that up to 2 hours after administration of carbon
tetrachloride to rats, the rate of malonaldehyde production by whole liver ho-
mogenates was increased; from 12 to 36 hours it was decreased, and it was in-
creased over the control rate at 48 hours.



194 RECKNAGEL

According to the lipoperoxidation hypothesis, carbon tetrachloride should act
as a pro-oxidant for the peroxidative decomposition of structual lipids in liver
cells. Comporti and co-workers (52, 53) and Dianzani et al. (69) reported a pro-
oxidant effect for carbon tetrachloride on whole rat liver homogenates. Ghoshal
and Recknagel (119, 120, 254) reported that in the microsome-supernatant frac-
tion of rat liver as little as 0.3 ul of carbon tetrachloride accelerated production of
malonaldehyde. Carbon tetrachloride had no pro-oxidant effect on lipoperoxida-
tion either in the microsome fraction of rat liver in absence of the supernatant
fraction, or in microsome-supernant fractions of rat brain or rat kidney (254).
Heptane and diethyl ether were inert in the liver microsome-supernatant fraction,
in which carbon tetrachloride exerted a pro-oxidant effect (254). These data are
consistent with the hypothesis that the metabolism of carbon tetrachloride sets
in motion a peroxidative decomposition of liver microsomal lipids. However, it
should be stressed that no evidence has yet been reported that the pro-oxidant
effect of carbon tetrachloride ¢n vitro is in fact elicited only under conditions of
cleavage of the carbon-to-chlorine bond.

The lipoperoxidation hypothesis has led to new evidence that carbon tetra-
chloride hepatotoxicity depends on carbon tetrachloride metabolism. Smuckler
(306) and Smuckler and Benditt (310) observed that polysomes and ribosomes
obtained from livers of intact rats by use of media containing carbon tetra-
chloride did not show alterations in ultrastructure and depression of amino acid
incorporation characteristic of the same cell parts derived from rat livers dam-
aged by carbon tetrachloride in vivo. These workers concluded that direct action
by solvation of structural lipids could not be the explanation for the toxic action
of carbon tetrachloride (see also 268, 304).

It has been known for many years that glucose-6-phosphatase activity is mem-
brane-bound and very unstable. Ghoshal and Recknagel (120) showed that on
incubation of rat liver microsomes (or the microsome-supernatant fraction) at
neutral pH and in the presence of ascorbic acid, glucose-6-phosphatase activity
was rapidly destroyed and at the same time microsomal lipids were peroxidized.
However, if lipoperoxidation was prevented by addition of EDTA, «,a’-dipyri-
dyl, or a-tocopherol, there was little or no loss of enzyme activity. With glucose-6-
phosphatase activity suitably protected by addition of either metal chelating
agents or a-tocopherol, it was possible to study the effects of added carbon tetra-
chloride under circumstances in which lipoperoxidation was prevented. An
amount of carbon tetrachloride 20 times greater by weight than the entire quan-
tity of microsomal lipid present in the in vitro system was required to destroy
glucose-6-phosphatase activity in the absence of lipoperoxidation. Ghoshal and
Recknagel (120) estimated that this ratio of carbon tetrachloride to microsomal
lipid was at least 200 times greater than the absolute upper maximum that could
conceivably be reached in vivo, even after administration of lethal doses. The fact
that glucose-6-phosphatase activity of the liver of the rat poisoned with carbon
tetrachloride is markedly depressed within the first 2 to 4 hours therefore must
mean that carbon tetrachloride toxicity depends on its chemical reactivity and
not on solvent action. It is interesting to note that Kondos and MeClymont (177)
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recently came to the conclusion that the anthelmintic action of carbon tetra-
chloride against Fasciola hepatica probably depends on the metabolism of carbon
tetrachloride in the liver of the infected host.

The lipoperoxidation hypothesis places much of the earlier work into a new
frame of reference. If the key to the toxic action of carbon tetrachloride consists
in a breakdown of liver cell membrane structure and function brought about by a
free-radical attack on membrane structural lipid, any compounds capable of re-
acting readily with free radicals, and capable of penetrating to the locus where the
initial cleavage of the carbon-to-chlorine bond takes place, might be expected to
afford some protection, since such compounds would short-circuit the expected
attack on polyunsaturated long-chain fatty acids. Many of the agents for which
protective effects have been claimed could act as free-radical scavengers. The
lipid antioxidants belong to this class. Protection by molecular oxygen against
hepatic involvement following chloroform anesthesia may involve a preferential
reaction of free radicals with oxygen, rather than with constituents of the living
cell. Phenothiazines (promazine, chlorpromazine, promethazine) contain a ring
sulfur atom which can complex with free radicals. Sulfhydryl compounds (thio-
glycollate, methionine, mercaptoethylamine) function as free-radical scavengers.
The recent monograph of Bacq (12) should be consulted for a discussion of the
chemical mechanisms involved. Protective agents such as pyrilamine or diphen-
hydramine possess a benzyl carbon atom. Hydrogen on such a carbon atom may
be available for reactions with free radicals. However, it would appear that not
all the protective agents function as free-radical scavengers. For example, pro-
tection by cetyl trimethyl ammonium bromide (14) is not readily understood in
these terms. The subject of protection against free radicals in biological systems
is extraordinarily complex (12). This reviewer is not aware of any reasons for ex-
pecting a prior: that mechanisms of protection against carbon tetrachloride
hepatotoxicity should be either easier or more difficult to understand than mecha-
nisms of protection against ionizing radiations. The point of interest is that the
revelation of free-radical mechanisms in carbon tetrachloride poisoning means
that the study of hepatic toxicology and the study of the effects of ionizing radia-
tions appear to have come close together. Hopefully, the union will bear fruit.

It should be recognized, as Recknagel and Ghoshal (254) pointed out, that the
lipoperoxidation hypothesis in its present form is much more a program of action
than a theory of carbon tetrachloride hepatotoxicity. No direct evidence for a
homolytic cleavage of carbon tetrachloride in the liver is available. The idea that
free radicals arise is based on indirect evidence in the form of the appearance of
diene conjugation absorption, loss of arachidonic acid, and an #n vitro pro-oxidant
effect of carbon tetrachloride. In this connection, it may be noted that Reynolds
(268) reported a preferential incorporation of isotopic carbon and chlorine from
labelled carbon tetrachloride into microsomal lipids. Thisresult would be expected
if carbon tetrachloride was cleaved homolytically in or near the lipoidal com-
ponents of the endoplasmie reticulum and subsequently attacked the methylene
bridges of unsaturated fatty acids of the structural phospholipids, as the lipo-
peroxidation hypothesis suggests. However, the extent of microsomal lipid
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peroxidation, relative to total extractable microsomal lipid, appears to be small
(255). This raises the interesting question as to whether destructive lipoperoxida-
tion is perhaps only a minor manifestation of carbon tetrachloride hepatotoxicity,
or whether destructive lipoperoxidation of a small number of strategically located
structural lipids, especially rich in polyenoic fatty acids containing 3, 4, or more
double bonds, may be of decisive importance for biochemical and physiological
function resident in the endoplasmic reticulum, and other parts of the
cell. Recknagel and Ghoshal (254) also stressed that the lipoperoxidation hy-
pothesis does not exclude the suggestion of Butler (38) and of Wirtschafter and
Cronyn (349) that free radicals arising from carbon tetrachloride cleavage may
enter directly into a variety of reactions with labile groups of enzymes. Forma-
tion of abnormal cross-linkages within cell proteins following free-radical reac-
tions may also occur. Thus, though obviously highly attractive and useful, the
lipoperoxidation hypothesis in its present form is far from being a complete
theory of haloalkane toxicity.

IX. SUMMARY

During the past 20 years, study of the fatty liver induced by carbon tetra-
chloride has passed through 2 periods of revolutionary change, and at the present
time a third revolutionary change is taking place. The dominant notion guiding
most of the thinking before 1948 was that toxic and nutritional fatty liver disease
could be understood in terms of failure in transport of fatty acids as phospho-
lipids. As quantitative analyses ot whole body phospholipid and neutral lipid
metabolism became available through application of radioisotope technology, it
became possible by 1953 to conclude that fatty acids were not transported in the
plasma as phospholipids.

For the next 6 years work in this field was dominated by the mitochondrial
hypothesis. Carbon tetrachloride was thought to damage the liver cell mito-
chondria. It was suggested that lipid accumulation was due to a failure of normal
pathways of lipid oxidation, and that death of the liver cells resulted from inter-
ruption in energy-transducing mechanisms. By 1959 this hypothesis also proved
untenable since accumulation of triglycerides and degeneration of the hepato-
cellular endoplasmic reticulum preceeded mitochondrial degeneration by many
hours. The major contribution of the work of this period was the introduction
into the study of experimental hepatic toxicology of methods of biochemical
cytology.

A second revolutionary change took place in 1960. It became evident that
carbon tetrachloride poisoning leads rapidly to cessation of movement of large
quantities of triglycerides from the liver to the plasma. The blockade of hepatic
triglyceride secretion by carbon tetrachloride accounts for the characteristic fatty
liver. Earlier studies of rates of replacement of the different moieties of the plasma
lipoproteins had demonstrated that low-density lipoprotein triglycerides were
replaced much faster than the protein moiety. This work, as well as more recent
studies combining use of the isolated, perfused liver with methods for separation
of plasma protein and lipoprotein fractions, has made possible a most important
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new insight into the nature of hepatic triglyceride secretion. The latter can best
be understood as a dual mechanism. One part of the mechanism involves hepatic
biosynthesis of the various moieties of plasma low-density lipoproteins, coupling
of these to form definitive lipoprotein molecules, and their extrusion to the plasma
compartment. An auxiliary mechanism provides for re-entry into the system of
triglyceride-free lipoprotein apoprotein. Movement of triglycerides from liver to
plasma depends largely on the continuous functioning of the second, or auxiliary
arm of the cycle. The knowledge that hepatic triglyceride secretion involves a
dual mechanism has provided a powerful new guide for the analysis of mecha-
nisms underlying fatty liver disease. In the case of carbon tetrachloride poisoning,
the rapid onset of liver triglyceride accumulation most probably results mainly
from cessation in function of the auxiliary coupling phase of hepatic triglyceride
secretion, and less significantly from a breakdown in hepatic protein synthesis.

During this period, ca. 1960 to 1965, highly provocative experimental findings
led to an attempt to rationalize the hepatocellular necrosis and the triglyceride
accumulation of carbon tetrachloride poisoning in terms of massive discharge
of the sympathetic nervous system. The main evidence regarding the pathogene-
sis of hepatocellular necrosis was based on the observation that rats whose spinal
cord had been divided were remarkably immune to the toxic agent. A review of
the evidence does not support the contention that hepatocellular necrosis is a
consequence of catecholamine discharge.

The catecholamine hypothesis suggested that hepatic lipid accumulation is
due to an oversupply of fatty acids mobilized from peripheral adipose tissue
depots. Activation of the hypophyseal-adrenocortical axis has also been invoked
in support of the peripheral oversupply hypothesis. A central requirement of
this hypothesis must be that if oversupply of fatty acids is to be invoked as a
significant factor in the pathogenesis of fatty liver, then the oversupply must be
of sufficient magnitude and duration to account for the time course of the hepatic
lipid accumulation. From this point of view the evidence offered in support of
the peripheral oversupply hypothesis is not convincing. In particular, for carbon
tetrachloride poisoning, at a time when liver triglycerides are increasing rapidly,
there is no increase in flux of fatty acids through the plasma compartment.

The most recent work in this field has inaugurated a third revolution in the
study of carbon tetrachloride hepatotoxicity. Its essential feature is the recogni-
tion that carbon tetrachloride toxicity depends on cleavage of the carbon-to-
chlorine bond. At the same time, the long-held view that the toxic action of
carbon tetrachloride resided in its effectiveness as a lipid solvent has finally been
discarded. An important link has been established between the metabolism of
carbon tetrachloride and the peroxidative decomposition of cytoplasmic mem-
brane structural lipids. Sufficient data are not yet available to decide whether the
latter effect is a major or minor consequence of the metabolism of carbon tetra-
chloride. The important point is that study of this problem has reached the or-
ganic chemical level of organization. This augurs well for the immediate future,
which should witness further interesting new developments in the study of halo-
alkane toxicity.
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