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GENERAL INTRODUCTION

The term "liver function test" was oricinated in the
days when investigators envisioned discovering a single pro-
cedure which would measure accurately the status of all the
functions of the liver. Over a period of about fifty years
many tests have been developed, some on a sound physiological
basis, others quite empirically; few have proved to be of
value,

Within the last few years research in this field has foll-
owed a different trend. There has been an increasing interest
in investigation 1nto the physiological principles underlying
these tests, with the result that great improvements have been
made in some of the procedures, and there has been a sharper
delineation of the normal ranges of many tests. Nevertheless,
today the view is widely accepted that no single test 1s ad-
equate to measure all hepatic functions, and the repeated
performance of different tests is now advocated in the estim-
ation of hepatic function (1).

In recent years there has also been a renewed and wide-
spread interest in the study of liver damage in animals. In-
vestigators have employed various criteria in estirsting the
condition of the liver: many have made post mortem histolog-
ical examinations or liver lipid determinations; blopsies

have occasionally been used; liver function tests have been



performed infrequently, and have been confined almost entirely
to the dog. In view of the fact that much of the more recent
work on liver damage is being performed on small animals whose
use permits of better control and is more practical in rany
ways, 1t seemed that liver function tests might be performed
more frequently in these animals, so that the degree of dam-
age present might be assessed without sacrificing the animals.

The present investigation is essentially a study of 1liv-
er functlon tests on small animals. Tests were chosen which
seemed to represent a wide range of different functions, and
which could be rather easily applied to small animals. Al-
though the rabbit was used in this study, because of the ease
with which repeated injections may be made and repeated blood
samples taken, the analytical methods have been modifiecd to
require very small quantities of blood, so that the tests
might be applicable to even smaller animals. For the purposes
of the investigation it seemed desirable to produce in the
test animals a slowly progressing type of liver damage, over
a period of weeks. This was achieved in some of the anim-
als, and the results of the tests were followed during both
the period of damage and the recovery period.

Tt was found that liver function tests cen be rerformed
repeatedly on rabbits with 1little difficulty, and that if a
combination of two or three tests 1s used, valuable 1nforms-

tion can be obtained concerning the state of the liver. The

tests studied can be modified rather easily for use on the rat,



HISTORICAL INTRODUCTION

l. Physiology of the Liver

The liver has been most appropriately described by
Cowdry (2), as "the jack-of-all-trades of the body". Sit-
uated between the heart and the great area of intestinel ab-
sorption, the liver receives a dual blood supply. A small
quantity of arterial blood enters through the hepatic artery,
but a much larger amount of venous bloocd is carried to the
liver from the digestive tract, pancreas, spleen, and gall-
bladder by the portal vein. The situation of the liver and
the origin of the portel blood supply suggest that the liver
serves as a clearing-house for foodstuffs; indeed, the liver
1s essential for the intermediary metabolism of carbohydrates
and proteins, and plays a large part in fat metabolism. The
liver performs other tasks, as well; cholesterol, bile acids,
glycogen, and plasma proteins are synthesized, and many com-

pounds are detoxified by combinatlion with substances formed

in the liver. This organ removes from the blood and excretes

into the bile several physiologlical compounds such as bili-
rubin, bile salts, cholesterol, and uroblilinogen, as well as

certain foreign dyestuffs. Glycogen, fat, protein, and many

vitamins are stored in the liver, and sufficient glycogen is

broken down to maintain the normal level of glucose in the
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blood. The liver is also concerned in maintaining the water
content of the blood, and in the storage of a compound ess-
ential to the formation of red blood cells. Thus the liver
is probably the most versatile organ in the body; not only
does 1t serve as a storehouse and an excretory organ, but it
plays a vital role in the catabolism and anabolism of a wide
variety of compounds.

In splte of the wide range of the liver's activities,
the hepatic parenchymal cells are all apparently exactly the
same, and it has never been proved that different functions
are performed by different sections of the liver lobules,
Therefore it is probable that a variety of enzyme systars
within each cell is responsible for the wide diversity of
reactions carried out by the hepatic parenchyma. The large
number of "Kupffer cells" found in the liver form part of
the reticulo-endothelial system ("R.E.S."). Beyond the form-
ation of bilirubin and the removal of many colloldal substan-
ces (e.g. Injected dyes, plasma substitutes, and so forth)
from the blood, it is doubtful whether the Kupffer cells

play any part in the activities of the liver.

2, Liver Function Tests: Their Uses end Limitations

In general, liver function tests may be divided into

two groups. One type of test involves merely the deterrina-

tion of some substance in the blood, such as prothrombin,

bilirubin, or alkaline phosphatase, or the measurevent of



urinary bile salts or urobilinogen, the level of whick has
been found to depend chiefly on the condition of the liver.
The other group includes the "tolerance" or "clearance" tests
in which a substance 1s administered and the rate of its ex-
cretion or removal from the blood is estimatei. The latter
type of test, although more difficult to perform, has gener-
ally been found to be more sernsitive than the former. Delprat
and Whipple (3) in 1921 proposed that the ideal liver function
test should consist of the intravenous administration of some
non-toxic substance which would "test by a synthetic demand
the functional reserve of the liver"; the product of the syn-
thesis should be obtainable from the blood rather than from
the urine, in order to eliminate the effect of varlations 1in
renal functlon. Such a test would not be sffected by the

rate of intestinal absorption, and belng faiependent of the

bile flow, would be applicable in all cases of jaundice,
(See p. 64 ).

It is claimed by many, however, that there is a "dtssoc-
fation of the functions of the liver", lNot all the functions
are influenced to the same degree by stress or damage; scme
functions may be seriously impaired, while at the same time
others appear to be undisturbed. This circumstance imposes
a serious limitation upon the usefulress and internretation
of any liver function test. As Boyce and McFetridr-e (1)
asgert, "No test 1s universally applicable, none infallible,

and none should be accepted 8s correct unless it 1s repeated



or made serially",

Another important consideration lles in the fact tnat
the capacity of the normal liver to carry on its many func-
tions greatly exceeds the normal needs of tre organism; even
a very small amount of hepatic tissue may carry on the norm-
al functions of the liver, Furthermore, the trermendous cap-
aclty of liver tissue for regeneration (see p.12 ) may com-
pensate for the presence of mild chronic liver Injury. To
quote Elton (4):
"The reliability of tests depends on the existence of
diffuse involvement of the liver or of sufficiently
widespread focal involvement to exhaust the reserve
power of the organ. Localised lesions, completely
walled off, may involve a large part of the liver with-
out causing any functional impalrment whatever, prov-
ided the remaining parenchyma is normal."

In the light of these firmly established observations, 1t 1is

obvious that in many cases of non-diffuse liver damage the

results of liver function tests will be normal.

Ivy (5) has drawn attention to the fact that since we do
not yet know the real cause of death after hepatectomy, we
have not been able to develop a test for the "vital" function
or functions of the liver, It is entirely within the realm
of speculation whether such a test, 1f found, would be ex-
tremely sensitive or whether the function would be affected
only in severe liver injury.

Liver function tests are employed naturally in the hope

of detecting damage to the llver wher: it is present. How-

ever present-day tests cover & wide range of sensitivity.



Not only 1s there a difference in the susceptibility of the
different functions to derangement, but different modifica-
tions of the same type of test vary in sensitivity., Liver
function tests have been vaguely classified intc a "more
sensitive" and a "less sensitive" group, and each group serves
an important purpose. The 'more sensitive" tests are used
when it 1s desired to detect liver damage which may not be
severe, Functional impairment 1s expected in diseases of
the liver and biliary tract, but it has been found 1n many
other diseases as well; frequent repetition of liver func-
tion tests allows one to follow roughly the progress of the
hepatic lesion and the effectiveness of therapeutic measures.
Again, when a patient 1s about to undergo surgical treatment,
it is important to know the condition of the liver so that
the degree of operational risk and the need of pre-or post-
operative therapy may be anticipated. Chemotherapy frequently
causes some liver damage; the early detection of functional
impairment is most important in patients receiving arsenicals,
salicylates, and certain other drugs. In all these cases 1t
i3 necessary to use several tests; one or more of the "legs
sensitive" ones may furnish additional knowledge concerning
the severity of the hepatic lesion.

Liver function tests find an important application in
the differential dlagnosis of jaundice (see p. 64). ers an

extremely sensitive test is undeslirable, for it woul: detect

the slight amount of 1iver injury present in tre early sta-es
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of blliary obstruction., A positive result with a lecs sen-
sltive test within the first few weeks after the appearance
of lcterus affords stronger evidence that the jaundice 1s not
caused by obstruction to the bile outflow but is the result
of damage to the hepatic parenchymal tissue,

Liver function tests will not, of course, distinguish
among the different pathological conditions of the liver
parenchyma; they merely detect parenchymal cell damage &s
such. There is, in fact, evidence that under certain cond-
itions there may be an impairment of hepatic function in the

absence of any demonstrable damage to the liver cells (6, 7).

Se¢ Order of Presentation of Materilal

Our present extensive knowledge of the many functlions of
the liver has been gained partly through studies of liver dis-
ease in humans, but 1argely through experimentation with an-
imals. By partially or entirely removing the liver, or by
producing lesions through the administration of one or more
of the many drugs which attack the liver, investigators have

made great progress in the study of liver function both in

health and in disease. A tremendous amount of work in this

field has been done within the past fifty years particularly

from the clinical aspect. It must suffice in this introduc-

tion, therefore, to describe what has been accomplished
!

through animal experimentation, with only brief mention of

clinical studies. It has been necessary to omlt many references
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concerning theoretical topics which, although very interest-
ing, are either not directly concerned with the problem, or
are 8till highly controversial.

Because of the close relation (both historical and theor-
etical) between studies on liver damage and liver function,
it is impossible to discuss either of these topics adequately
without reference to the other. In the present discussion,
the methods used 1n the experimental production of hepatic
insufficiency will be described first, and the similarities
between the pathological conditions produced in animals and
the types of liver disease found in humans will be pointed
out. Then will follow a survey of the present knowledge of
the many functions of the liver, with emphasls on those func-
tions for which tests have been proposed. The section will
be concluded with a description of the results of liver func-
tion tests in liver disease and in experimental liver dameze,

as well as the more reliable analytical methods in current

use.

4. The Experimental Production of Hepatic Insufficlency

Bollman and Mann (8) of the Mayo Clinic, two of the

foremost investigators in the field of liver damage and liver

function,state that "it is possible to produce experimentally
L

most of the abnormal conditions usually agssocieted wvith hep=-

atic disease in humans'. geveral methods have been used to

produce pathological changes in the liver and to study their

effects on hepatic function:
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as Partial or total removal of tre liver

b. Shunting of portal blood away from the organ (e.ge.
"Eck fistula™)

cs Obstruction to the biliary outflow

de Admlnistration of one or more chemical substances
which poison the liver cells

e. Malntenance on a diet leading to changes in the
liver such as fatty infiltration, necrosis, and cirrhosis,
Whereas the first four methods have been employed by inves-
tigators for many decades, the last has been extensively

developed only within the past ten years.

a. Partlial and complete hepatectomy.

Studies of completely and partially hepatectomised
animals have contributed greatly to our knowledge of the
functions of the liver. Hepatectomy irvolves much more than
the mere removal of the liver; 1t is necessary to make prov=-
jsion for an unimpeded flow of blood to the heart from the
abdominal viscera and from the hind quarters. Markowitz (9),

in his textbook on experimental surgery, describes the tech-
nigque for such an operation.

The symptoms which follow hepatectomy have been

described many times, and are well established (10) (11)

(12). Among the early changes is a rapid fall in the

blood sugar, even in depancreatised animals, The normal

fasting blocd sugar ljevel may, however, be mai~teined in

the partially hepatectomised dog by orly 2C per cent
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of the liver tissue, although evidence indicates that in
certaln other aspects hepatic insufficiency exists at this
time. Menn and Magath (13) performed an interesting exper-
iment in which the blood of a moribund hepatectomised dog,
A, was allowed to circulate through the liver of a well-fed,
normal dog, Be Within half an hour the blood sugar of A was
restored almost to the normal level, and the animal's cond-
itlon appeared to be normal. The glycogen of B's liver was
depleted. Removal of the perfused liver (B) caused an imm=-
ediate decrease in the blood sugar of A, and the development
of the characteristic symptoms of hepatectomy. The blood
sugar was not elevated when the glycogen-free liver of a
fasted animal was used in a similar experiment.

Following hepatectomy, Jaundice gradually develops, and
bile pigments are found in the plasma and urine. There 1is
a progressive fall in the level of blood fat, Amino-acilds
accumulate in blood and tissues, and leucine and tyrosine,
amino-aclds of very low solubility, crystallize out in the
urine. Urea formation stops, and if urea excretion contin-
ues through the kidneys, the blood and tissues become almost
free of urea. The destruction of uric acid ceases, and the
compound accumulates in the blood, tissues, and urine; if
injected intravenously into a hepatectomised animal, uric
acid may be recovered almost quantitatively in the urine,
Because of a lack of prothrombin and fibrinogen, the liver-

less animals show a very pronounced tendency to bleed from
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abraded and traumatised surfaces, and at autopsy bloody
fluid 1s always found in the abdomen,

Death follows within a few hours after hepatectomy, but
administration of sufficient glucose to maintain the normal
blood sugar will prolong 1life temporarily. After 24 to 48
hours, however, a number of characteristic symptoms appear,
including loss of hearing, vision, and the normal reflexes,
development of muscular rigidity, coma and convulsions, foll-
owed by death, Even when substitutional therapy is under-
taken through glucose injectlions, blood transfusions, and
administration of bile salts and substances normally stored
in the liver, it 1s impossible to keep hepatectomised anime
als alive. The real cause of death in these animals has
never been determined.,

Markowitz (9) likens the completely hepatectomised an-
imal to a patient with yellow fever or acute yellow atrophy;
most of the pathologic liver conditions, such as portal cirr-
hosis and prolonged complete obstruction of the common bile
duct, represent chronic hepatic insufficiency.

When an animal 1s subjected to repeated partial hepat-
ectomy, within six to eight weeks the normal weight of the
liver is restored through hyperplasia and enlargement of the
remaining lobes., Intense and rapid multiplication of hepat-
ic cells by mitosis, and formation of hepatic cells from
proliferating bile ducts, assist in maintalning a roughly

normal histological "architecture", The unextirpated part
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of the liver responds as rapidly and completely to success-
ive partial hepatectomies as to the first one. Mann (14)
states that "many of the changes noted in patholcgical cond-
i1tions of the liver, and the persilstence of functioning
hepatic tissue in opposition to exceedingly adverse cond-
itions, are due to the almost irresistible urge of the hep-
atic tissue to be restored."

That the cause of the hepatic restoration is evidently
the relatively increased blood supply, is indicated by two
facts; first, that tying branches of the portal veln results
in a complete atrophy of the corresponding parenchyma, with
an increase in the size of the remaining organ, and second,
that regeneration after partial hepatectomy is prevented or
greatly reduced when the portal blood supply to the liver
is reduced, as in an Eck fistula (see p. 14). Other causes
of poor regeneration of liver tissue are the presence of
jaundice, extensive cicatrisation of the liver, and the con-
tinued administration of toxic agents (15) (16). Thus, if
proper dietary precautlons are taken, one may maintain an
animal with less than twenty per cent of the normal amount
of hepatic tissue., Fatal liver insufficiency develops 1n
rabbits, however, when they are deprived of ninety percent
of the liver (17). Regeneration of removed liver tissue 1is
much more rapid on a high carbohydrate diet than on a mixed

diet, and is depressed by a high proportion of fat in the

blood.
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be Eck fistula

The "Eck fistula" diverts the flow of portal blood into
the vena cava, rather than through the liver; the henatic
blood supply becomes entirely arterial, and has been estim-
ated to be 25 to 35 per cent of normal (19). Within 2 few
weeks the size of the organ is decreased by one-half. There
1s no significant fibrosis, and the cells apvear to be norm-
al, except for the presence of a few fat droplets,

Such livers show few indications of hepatic insuffic-
iency; phenol conjugation, however, is reduced (20), there
may be a slight diminution in bile selt production, and in
the anaemic animal there 1is a decreased utllization of stand-
ard diet factors and 1lron for the production of haemoglobin
and plasma proteins (19). Instead of an animal with an Eck
fistula, Mann (21) prefers for studies of hepatic insuffic-
iency an animal in which the fistula is employed to prevent
regeneration after partial hepatectomy. In such ar animal
with 70 per cent of the liver removed, there is a gradual
loss of weight, strength, and appetite, with resulting emac-
iation. Although jaundice does not occur, uric acid appears
in the blood and increases in amount as the condition be=-
comes progressively worse., Occasionally, in an animal, the
general condition improves and uric acid disappears from the
blood. In these cases, necropsy reveals that a certain am-

ount of regeneration of the remaining liver tissue has taken

place.,
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Co Obstruction to the biliary outflow

A condition resembling complete biliary obstruction in
humans has been produced ir dogs by ligation of the common
bile duct. Because of distention of the gall bladder with
blle, icterus 1s delayed for several days, but if the gall-
bladder is removed, bilirubinemia and bilirubinuria promptly
develop. Although there is a decreased production of bile
salts, there is little interference with other functions,
and the hepatic parenchyma is not greatly injured unless
obstruction is maintained for several months (21) (22). After
about three months of complete obstruction of the biliary
outflow, the survival time of dogs largely depends upon the
nature of the diet. The low level of plasma proteins is
scarcely sufficlent to prevent oedema, and the administra-
tion of an unidentified substance present in meat extract
will precipitate a condition of ascites, followed by death
within a week. If the orlginal meat diet is withdrawn be-
fore death, the ascites disappears within a few days (22),
and the animal will live several months on a diet of milk
and syrup. Dogs with complete biliary obstruction gradually
decline, however; they develop abdominal and oesophageal
varices, have frequent haemorrhages into the gastro-intest-
inal tract, and manifest ascites spontaneously in later per-
iods of obstructive jaundice. Such animals usually feil to
survive more than a year, in spite of careful diletary treat-

ment. Mann (21) emphasizes that after W liary obstruction
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of several months! duration, when the hepatic parenchyma
shows damage, the effect of obstruction itself on the other
body tissues 1s so great that to interpret the results of
functlonal studies in terms of hepatic injury, is hazardous.

Studies of animals with biliary fistulae, however, have
shown that 1f adequate care and a suitable diet are main-
tained, complete loss of bile is compatible with 1life indef-
initely (22).

de Drugs that produce liver damage. 1. General consider-
atlons.

The damage caused to the cells of the liver by hepat-
otoxlec drugs is transitory; when administration of the toxic
agent ceases, regeneration takes place, even after severe
injury, to such a degree that the liver may appear normal
(8) (21) (23)., To produce a condition of chronic liver in-
sufficliency similar to portal cirrhosis or subacute yellow
atrophy in man, it 1is necessary to administer a hepatotoxin
repeatedly, in doses large enough to cause acute necrosis,
and frequently enough to prevent adequate regeneration after
each dose. Eventually such treatment results in extensive
cicatrisation which mechanically hinders restoration of
healthy liver tissue. Jaundice and a reduced blood supply
to the liver, both of which prevent regeneration, are also
usually present in cirrhosis.

Crandall and Ivy (18) have criticised the use of toxic

agents for the production and study of liver Insufficlency,
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on the grounds that the damage produced is not uniform, and
that regeneration is prompt. These workers recommend in-
stead an Eck fistula, or the obstruction of biliary outflow.
Hepatic poisons rarely prcduce complete hepatlic insuff-

lciency (24). Other organs are undoubtedly affected, and
in many instances when death occurs it is not caused prim-
arlly by functional demage to the liver. Bollman and Mann
(8) report that many of their animals died from haemorrhage
(presumably from prothrombin deficiency, although this was
not realized at the time); other animals developed chronic
or subacute duodenal ulcers, with subsequent perforation
and peritonitis. In this connection Crandall and Ivy (18)
state,

"It 1s perhaps significant that every procedure which

has been successful in the production of chronic ex-

perimental ulcer either involves outright liver damage,

or can be suspected of bringing functional liver changes
in its wake."

Because of the wide varlety of drugs which cause dam-
age to the liver, and because many of these drugs have
elther been used frequently in the experimental production
of hepatic insufficiency or are commonly employed therespeut-

ically, a rather detalled discusslon of these hepatotoxins 1s

warranted.

i{i. Liver glycogen

There is much evidence to show that one of the most

important factors affecting the resistance cof the liver to

damage 1s the level of glycogen in the hepatic parenchyma
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(8) (14) (25).

A rapid depletion of liver glycogen such as occurs dur-
ing fasting has been shown to render the liver much more
susceptible to injury by hepatotoxic drugs (3) (8). Graheam
(26) found that the unusual resistance shown by pups against
liver damage by chloroform was presumably the result of the
high glycogen level 1n young dogs, and could be lowered con-
siderably by starvation.

The length of the fasting period required for this dep-
letlon depends somewhat on the size of the animal. In rats,
mice, and small rabbits, the liver glycogen level may be
reduced to less than one per cent 1n eighteen to twenty-four
hours (27) (28) (29) (30) (31) (32) (33) (34) (35); larger
rabbits (2 kg. or more) retain their glycogen for a period
of twenty-four to forty-eight hours (36) (37). The liver
glycogen in dogs, on the other hand, usually is not depleted
before the third or fourth day (38) (39). In rats and rabb-
its, glycogen synthesis begins again on the second or third
day, but the level remains very low throughout the fasting
period (35) (40) (41) (42).

The level of liver glycogen in different animals, however,
is not simply a function of the length of the fast. Many
workers have observed that in rabbits and rats marked varia-
tions in the liver glycogen content occur even when every

precaution is taken to feed and maintain all the animals in

e uniform manner (42) (43). Even fasted animals show
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varlation in their liver glycogen content, Evans and co-
workers (44) found that the liver glycogen in cats fasted
46 hours might vary from 2.5 to less than one per cent, and

a similar variation was noted by Donhoffer and lacLeod (37)
In rabbits fasted for 16 hours. Cori (29) has reported that
although rebbits usually have less than one per cent of liv-
er glycogen after a forty-eight hour fast, the level in some
animals may be as high as two to three per cent.

Aside from the individual varliability in carbohydrate
metabolism in different animals, there is considerasble ev-
idence that external conditions may contribute to the varia-
tions in liver glycogen in normal animals, Thus, it has been
observed that liver glycogen 1s higher in winter than in
sumer (36) (45). Althausen and Stockholm (46) claim that
in spring this level tends to be still higher than in winter.
Evans et al (44), too, have suggested that seasonal varia-
tions may be of importance. Meyer (41) observed considerable
variations in the liver glycogen of different groups of rats,
and attributed them to differences 1ln season and external
conditions. Barbour and co=-workers (42) have reported that
on certain days the majority of liver glycogen values in
rats deviated considerably from the mean, and were sometimes
very low. Meyer (41) found seasonal variations in the rate
of fructose absorption in rats. Deuel (47) discovered that
male rats had a higher liver glycogen content than female

rats, while in guinea pigs this difference was not observed.
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It is apparent, then, that the liver glycogen level is
affected by a number of known factors, many of which are
difficult to control, and doubtless by some as yet undiscov-
ered factors. Not only does the presence of glycogen in the
liver have a protective action against hepatotoxins, but the
glycogen level can be depleted by many substances which
cause hepatic damage.

It has been known for nearly one hundred years that
chloroform steadily reduces the concentration of liver gly-
cogen (26) (48), and causes a rise in the blood sugar. Dur-
ing the first two hours of anesthesia one-third of the gly-
cogen is lost; at the same time the fatty acid concentra-
tion of the liver is increased. Evans and co-workers (44)
found that ether causes a loss of fifty per cent of liver
glycogen in one hour; Lauber and Bersin (49) report that
vitamin By (thiamine), if given three days in advance, check-
ed the loss of liver glycogen with resulting hyperglycemia
and glycosuria, although the vitamin was ineffective if giv-
en immediately before the anesthetic. Newburger and Brown
(50) found that the amount of glycogen lost as a result of
ether anesthesia, or starvatlion, was not affected by prev-
jous diet. Amytal slowly reduces the liver glycogen level
(44), Hafkesbring et al (51) have reported that sodium

sulfathiazole has no effect on the blood sugar or llver

glycogen, After single or repeated doses of sulfapyridine,

however, the blood sugar remains high and the liver glycogen
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low for twenty-four hours or longer after the drug 1is dis-
continued.,

The liver glycogen content is markedly reduced by bile
lary obstruction (52) (53) as well as by liver damage.,
Ravdin (83) found the liver glycogen level to be only about
one per cent 1in dogs suffering from obstruction of the comm-
on blle duct for two to six weeks, as compared with the
normal value of about five per cent. In a case of chronic
post-operative hypoglycemia in a child, autopsy showed a
liver free of glycogen but with extensive fatty infiltra-
tion (54). The decrease in liver glycogen in the damaged
liver may be due to a reduced capacity for the formation of
glycogen from glucose, insufficient gluconeogenesis, excess-
ive glycogenolysis, or a combination of these factors (46).

Hyperthyroidism lowers the level of liver glycogen (48)
and Buell and Strauss (55) have found that the conversion of
lactic acid to glycogen is impaired in hyperthyrold individ-
uals. The data of McIver (27), however, do not support the
view that the increased susceptibility to chloroform poison-
ing in the hyperthyroid rat is chiefly due to the low level

of liver glycogen found in these animals.

As long ago as 1908 Wells (56) and Beddard (57) advoc-
ated glucose administration in the treatment and prevention
of chloroform polsoning, and since then glucose has been

found to be of value in every type of liver disease (58),

It decreases the post-operative drop in liver function, and
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1s of definite value following surgical procedures in anim-
als with extensively injured livers (59)s A semi-hepatect-
omised dog must be maintained on glucose injections for sev-
eral days following operation; animals with Eck fistulae or
with obstructive jaundice are benefited by the addition of
large amounts of glucose to the diet (58), It should be

noted here that Best and Huntsman (60) found moderately fat-
ty livers in rats after the administration of sucrose alone;
choline was necessary to prevent accumulation of the fat.

Mann, in his many studies, found that the impaired
liver functions best on a high carbohydrate diet, with the
addition of simple foods to provide the protein necessary
to maintain body requirements and to synthesize some of the
speclal nitrogen containing compounds required by the body
(14).

Although many observations indicate the great import-
ance of glycogen in the normal metabolic functlions of the
liver (61), there are few data to elucidate the role of the
polysaccharide. Doljanski's work (62) showed that in the
embryonic chick liver glycogen disappears in tissues under-
going active proliferation and appears in tissues in which
proliferation is hindered. Forsgren (63) found that the

liver glycogen was low when there were large amounts of

bile in the parenchymal cells, and vice versa. From these

results one might infer that glycogen is used up in the

process of tlssue proliferation and bile formation, although



the experiments did not establish that this was SO

Gassman (64) apparently considers this to be the case,
for in answering the question as to whether the decreased
glycogen causes liver cell damage or is the result of such
damage, he concludes that the process becomes a vicious
circle, in which liver damage reduces gluconeogenesis and
glycogenesis, so that the Supply of liver glycogen, needed
for regeneration, is not adequate. Administration of gluc-
cse 1s beneficial because 1t interrupts this circle. Rosen-
feld (65) has postulated that in chloroform poisoning, after
the glycogen is used up, the liver cells are starved be-
cause their metabolism is so altered by the poisoning that
proteins, and especlally fats, are imperfectly used. Under
these conditions glucose administration tends to obviate the
need for fat transport and in this way prevents the cells
from dying from acute inanition. Ravdin et al (66), however,
found a simultaneous increase in glycogen and liver fat dure
ing the recovery perliod following chloroform anesthesia,
which was not 1In accord with Rosenfeld's hypothesis of a
reciprocal relationship between these two substances.

Davis, Hall, and Whipple (67) studied the sudden rise
in urinary nitrogen caused by chloroform poilsoning. More
nitrogen was eliminated in fasted animals than in sugar-fed
ones, and i1f fasting was continued, the curve of excretion
often remained well above the ordinary fasting level., Ad-

ministration of glucose caused a rapld drop in tne nitrogen
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excretion. Repair was much more rapld and complete on a high
carbohydrate diet than during starvation, and Davis and
Whipple (68) conclude that this indicates a true conservation
of protein split products in the liver, and that liver gly-
cogen spares proteln by taking an active part in the recon-
struction of new protein substance.

In a recent review Ivy (5) suggests a number of poss-
ible roles for liver glycogen. He proposes that 1t may pre-
vent the accumulation of fat in the liver, spare the protein,
and reduce the tendency to acidosis by preventing formation
of acetone bodies. Glucose (and therefore glycogen upon
breaking down) may place at rest or facilitate other func-
tional processes such as detoxification. It has been shown
that glucose decreases cholic acid synthesis, although, as
Ivy polnts out, this synthesis 1s so much reduced in the

damaged liver that it would not be a strain upon the synthetlic

capacity of the organ,

iii. Arsenlcals

The widespread use of arsphenamine and neoarsphenamine
in the treatment of syphilis has resulted so frequently in

damage to the liver (69) (70) (71) (72) (73) (74) (75) (76)

that publications on the so-called "post-arsphenamine jaundice"

have appeared repeatedly in the clinical literature of the

past few years (77) (78) (79). The typical liver lesion is

a mild form of acute hepatic parenchymal degeneration (77)

resembling that found in epidemic hepatitis (80), although
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in some cases damage is so severe that death results (81)

(71). Occasionally jaundice results from intrahepatic bil-

in the blle canaliculi (82) (83), Residual damage has been
demonstrated by the bilirubin excretion test in many cases
following recovery from postarsphenamine jaundice (84) (85).,

In animals the arsenlcals are capable likewise of prod-
ucing extensive necrosis of the liver, with fatty degenera-
tion (86) (87) (88) (89). Clinical evidence indicates that
neoarsphenamine is more toxic than arsphenamine (90). How-
ever, Kolmer and Lucke (91) found that the tissue changes
produced in rabbits by neoarsphenamine were less severe
than those following arsphenamine. Liver lesions from ad-
ministration of these drugs have seldom been observed in
rats (92) (93); in these animals, the liver appears to be
rather resistant to the action of arsenic. Renal changes
have been observed after large doses of neoarsphenamine (88)
(92) (94), and arsphenamine (91),

Messinger and Hawkins (89) studied the influence of
diet on the liver injury produced in dogs by arsphenamine.
Carbohydrate or protein diets were highly protective, but
when the diet was high in fats, there resulted marked prog-
ressive jaundice from severe and often fatal liver injury.
It was noted that some hepatic damage occurred in all the
dogs, regardless of the diet.

McJunkin (95) found that therapeutic doses of arsphen-

amine did not increase the liver injury caused by acute or
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chronic chloroform poisoning in rabbits.

VonGlahn et al (96) have reported that lead, copper,
and sodlum arsenates cause necrosis of the liver in rabbits
but are less toxic to the rat and ferret. Scott (97) has
described a case of jaundice apparently caused by ingestion
of frults and vegetables sprayed with an insecticide contain-
ing an inorganic compound.

In this investigation, neoarsphenamine was one of the
drugs employed 1n the production of liver damage in rabbits

(see p. )

iv. Anaesthesia and hypoxia

Almost every anaesthetic known, especially the inhal-
ant anaesthetics, seems to exhibit a depressing effect upon
the liver. Although Bourne (98) excepts cyclopropane, Boyce
(59) claims that operation under any anaesthetic causes a
fall in liver function. Ether (98) (99), divinyl ether (100),
vinethene (44) (142), propethylene, nitrous oxide and ethyl-
ene (99) (101), morphine, avertin (101) and the barbiturates
(102) have been studied by many workers and all have been
inoriminated from this standpolnt. The effects of the most
noxious of all anaesthetics, chloroform, and the many rel-
ated chlorine compounds have been so extensively lnvestlgated
that a separate discussion will be devoted to this subject.

Liver function during and after anaesthesla has been

studied in both humans and animals (99) (101). The fact that
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prolonged retention of bromsulfalein in the blood was always
found before any abnormalities in bile pigment metabolism
were noted, might be construed to indicate that the R:E cells
are injured by anaesthesia before the parenchymal cells of
the liver are affected, |

As 1s true in the case of other toxic agents, damage
from anaesthetics is lessened by a high level of glycogen in
the liver. While the liability of liver injury is, in gen-
eral, proportional to the duration of anaesthesia and the
age of the patient (101), the most important factor in deter-
mining the amount of liver damage produced 1is probably the
concentration of oxygen with which the anaesthetic 1s admin-
istered (99) (103). Goldschmidt et al (100) found that the
protective action of oxygen against necrosis from chloroform
and from divinyl ether compared favourably with that of a
high carbohydrate diet prior to the perlod of anaesthesia.
It was shown by Ravdin et al (66) that volatilisation of
chloroform with oxygen led to & more rapid restoration of
the normal liver glycogen concentration following the anaes-
theslia.

The protection afforded by oxygen against liver damage
caused by anaesthesla is probably related to the fact that
the hepatic parenchyma is easily damaged by a low concen-
tration of oxygen in the inspired air (100) (103). Martin
et al (104) kept rabbits 1n an atmosphere of low oxygen con-

centration for a week. At the end of this period, liver,
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kidneys, and heart were found to be damaged; the liver cells
most remote from the blood supply showed the most pronounced
lesions. Ravdin and co-workers (66) showed that hypoxia
causes & rise in blood sugar and a fall in liver glycogen.

Rich and Resnick (105) report that in pernicious anaem-
ia, as well as in experimentally produced anaemia, the liver
cells about the efferent veins of each lobule were damaged;
it 1s suggested that this might be the result of a lack of
oxXygen.

The data of Holman (106) indicate that repeated bleed-
ing causes cirrhosis of the liver 1n dogs fed a high fat
dlet, whereas nelther diet nor repeated bleedings alone prod-
uced such changes in the liver. Holman suggests that the
lesions might be due to hypoxia, to the relatively high 1lip-
emia, or to the loss of some substance necessary for the con-
tinued integrity of the liver. Impairment of the circula-
tion in the liver increases the toxicity of the damaging
agents (8). The name "cardiac cirrhosis" has been given to
the condition resulting from the prolonged failure of the
circulatory system in humans (107). Engel and colleagues
(108) suggest that the rise of blood amino nitrogen in
shock is caused by an accumulation of the products of prot-
ein breakdown, because of liver damage result ing from con-
tinued hypoxia.

In the 1light of the above observations, the findings

of Wakim and Mann (109) are of interest. In a study of the
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intrahepatic circulation of blood in the intact animal dur-
ing the inhalation of carbontetrachloride, it was found that
inhalation of the drug caused an immediate vasoconstrictor
effect; when lnhalation was continued for half an hour, path-
ological changes were produced which became apparent in four
to eight hours and maximal in twenty-four hours. Hepatic
enlargement with fatty degeneration, hydropic changes, and
haemorrhages 1in the liver were noted. Recovery was complete
in two to four weeks. The vascular changes during the
development of clrrhosis of the liver following repeated in-
halations of the drug were studied in a similar manner.

Doljanskl and Rosin (110) administered urethane to
rats, and although the evlidence obtalned was insufficient
to exclude a direct actlon of urethane on the liver cells,
1t was strongly suggestive that the parenchymal lesions were
caused by vascular injury.

Thus the available evlidence shows strongly the delet-
erious effects of a lack of oxygen upon the liver cells, whe-
ther the results of poor circulation, anemia, or a low con-
centration of oxygen in the inspired alr. On the other
hand, it is well known that the breathing of pure oxygen
for several hours 1is dangerously toxic. Hawkins (111) has
observed that the clotting of the blood 1is greatly acceler-
ated in dogs and humans after breathing almost pure oxygen;

the actual cause of this acceleration is unknown,
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ve Alcohol

The frequency with which cirrhosis occurs in chronic
alcoholics (112) has led to extensive studies on the eff-
ects of alcohol on the liver. The results of these studies
are confllicting and contradictory.

MacNider (115) in a study of kidney function in dogs
using the phenolsulphonphthalein test, adminlstered 10 cc.
of forty per cent ethanol per kllogram of body weight dally
to his animals for more than six months. The drug was
found to be only slightly nephrotoxic (114); some of the
animals, however, showed an increased elimination of dye in
the urine, and this increase was found only in those anim-
als in which liver injury was demonstrable (115). The in-
creased elimination was attributed either to a decreased
capacity of the liver to destroy the dye, or to a decreased
excretion of the dye by the liver into the intestine. When
alcohol was withheld for forty-sight to seventy-two hours,
the elimination of the dye in the urine was reduced.

A further study of the effects of ethanol on the liver
was then made. After a fast of two days, dogs were given
10 to 15 cc. of forty per cent alcohol per kilogram by
stomach tube. Such animals were Intoxicated for twenty-
four to forty-eight hours, during which time functional and
histological studies were carried out. There was noted both
increased elimination of phenolsulphonphthalein by the kid-
neys, and abnormal retention of phenoltetrachlorphthalein in
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the blood. The liver cells developed severe oedema, and
other pathological changes were noted. After an intoxica-
tlon of twelve hours, recovery was d most complete with-

in three days; twenty-four hours' intoxication required
twelve days for functional and histological recovery. Dur-
ing the intoxication, biochemical studies showed a decreass
in the reserve alkall of the blood; with histological and
functional improvement, the acid-base equilibrium returned
to normal (117).

Rosenthal (118) using doses only half as large as those
of MacNider, studied liver function in dogs before and after
the administration of ethanol. Although there was no 1ln-
crease in urinary urobilinogen or blood bilirubin in two
to six hours after alcohol was given, delayed removal of
bromsulfalein from the blood, returning to normal within
twenty-four hours, was demonstrable. A similar observation
was made in humans by Cates (7) (119), who found that some
alcoholics, after prolonged and continuous drinking, showed
sbnormal retention of bromsulfalein. Cates has attributed
this retention to a physiological deficlency of the R.E.
cells, rather than the parenchymal cells of the liver. Biopsy

made in two cases showed no pathological disturbance in one

alcoholic; in the second there was evidence of mild toxic

hepatitis, with fatty infiltration. Beazell (120) was

not able to demonstrate functional impairment of the liver

in ten humans during acute alcoholic intoxication, even
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though several tests, including the bromsulfalein test, were
used. Four out of nine dogs, however, showed abnormal re-
tention of the dye during intoxication. That the results

of other tests were normal would lend support to Cates' view
that the R.E. cells, rather than the parenchymal cells, were
demaged.

Lillie et al (121) produced dietary cirrhosis in rats,
and found some evidence that the pathological changes were
more severe when about twenty per cent alcohol was substit-
uted for drinking water.

Hanzlik (122) fed pigeons two to four per cent alcohol
for thirteen to twenty-four months; in spite of the fact
that the birds were frequently intoxicated, no pathologic-~
al changes were noted in the heart, kidney, or liver. Mach-
ella and Higgins (123) found no evidence of liver damage in
rats, except for an occasional fat droplet at the periphery
of the lobules, after administering 6 cc. of twenty per cent
alcohol dally for four weeks.,

Bollman (124) reports that no gross or microscopic hep-
atic abnormalities were observed in dogs intoxicated with
alcohol twice daily for more than two years, provided the
animals were maintained on a well-balanced diet. Alcohol
when given to a fasted animal, or to one fed a high fat dlet,
produced a fatty liver much more rapidly than could be prod-

uced by a high fat diet alone. Connor and Chalkoff (125)

produced fatty livers 1in dogs by feeding them a high fat
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diet for a month. Then four to seven day periocds on a meat
and alcohol dilet were alternated with equal periods on a
high fat diet. This regime resulted in excessively fatty
livers, resembling those found in chronic severe alcohol-
ism in man., In addition, four of the sixteen dogs showed
cirrhosis, moderate in degree, but resembling in every way
that found in early fatty cirrhosis of the liver 1in man,

Joliffe and Jellinek (112) in a review of the subject
of liver cirrhosis in alcoholism, point out that fatty liv-
ers are extremely common in chronic alcoholics, and consider
the Investigations of Connor and Chalkoff to be one of the
most Important advances in the knowledge of the pathogene-
sis of cirrhosis of the liver in chronic alcoholism. Gyorgy
and Goldblatt, on the other hand, feel that it 1s not nec-
essary to assume a specific injurious effect for alcohol,
since the diet of alcoholics 1s usually one deficient in B
vitamins and protein, similar to the type of diet frequent-
ly used to produce cirrhosis in rats,

Alcohol has been shown to increase strikingly the tox-
icity of chloroform and carbon tetrachlorilde (118) (124)
(127) (128); Jetter and McLean (129) report that phenobarb-
ital and ethanol exhibit a synergistic poisonous effect.
That the metabolism of alcohol is modified by the presence
of liver damage has been shown by several workers (130)
(131) (132). The last cited workers found, in studies on

excised tissues, that the liver is the only tissue able to
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oxldise significant amounts of alcohol., Bollman reports
that in the presence of fatty liver in dogs, intoxication
may be produced with one-half the usual amount of alcohol
(124). |

Ethanol, like many other hepatotoxic drugs, caused
acldosls, depletion of liver glycogen (133) (134) and a rise
in blood sugar in fed animals; there is also a rise in the
blood vitamin A content, presumably through a decrease in
the liver stores of the vitamin (135).

Although more work 1s necessary for the elucidation
of the role of alcohol in the production of chronic liver
injury, it 1s apparent that under certalin conditions alco-
hol can cause damage to the hepatic parenchyma, and that
the drug must be classed among those which are harmful to

the livere.

vi. Halogenated compounds

The toxic action of chloroform upon the liver cells
has been recognised for many decades, and this drug has been
employed frequently in the experimental productlion of liver
damage. Chloroform poisoning causes a central hyaline nec-
rosis of the liver, with fatty degeneration which may be

slight or extreme. The blood supply of the lobule has been

found to bear no relation to the character and distribution
of the liver necrosis (23). DeZalka (136) has made detailed

histological studies of the livers of rabbits after sub-

cutaneous injections of chloroform; Iwata et al (137)
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report the production of experimental cirrhosis of the live
er in rabblits by repeated subcutaneous injections of chloro-
form mixed with paraffin oil. Wells (56), in 1908, noting

that chloroform seemed especially toxic to livers which had
undergone fatty degeneration, suggested that this might re-
sult from a solvent action on the part of the fat, increas-
Ing the concentration and the duration of action of the an-

aesthetlc upon the degenerated liver cells,

Davis and Whipple (138) have reported that they can
produce a "unit chloroform necrosis" in dogs by measured
periods of anaesthesia, but Williamson and Mann (24) found
a wlde difference l1n the reaction of animals to hepatotox-
ins, and were unable to produce a definite result by giving
a definite dosage.

Carbon tetrachloride acts similarly to chloroform, 1n
producing a central necrosis of the liver, (128) (139) (140)
(141) (143) (144), regardless of the method of administra=-
tion. Repeated doses of the drug over a period of months
result in a condition comparable to cirrhosis of the liver
as found in man (15) (16) (128) (139) (145) (146) (147) (148).
Edwards (148) also found a high percentage of hepatomas in
mice receiving such treatment,

Histological evidence of liver necrosis from chloroform
or carbon tetrachloride is not seen until six to ten hours

after the damaging treatment (23) (136); maximal damage to
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the liver cells 1s not observed until twenty-four hours af-
ter administratlion of the drugs (1386), Mantinengo (147)
has observed a progressive decrease in the size of the liver
cell nuclel during chloroform narcosis.

Beattlie et al (148) (149) have studied the sulphur bal-
ance in a man with acute carbon tetrachloride polsoning and
have suggested that the real cause of the liver disturbance
was an abnormal metabolism of methionine and related com-
pounds.

Several other organic chlorine compounds are powerful
hepatotoxins. Dichloromethane 1s less poisonous than either
chloroform or carbon tetrachloride (150); tetrachlorethane
has been labelled the most toxic of the chlorinated hydro-
carbons (22) (151) (152). Abreu and colleagues (153), in a
study of saturated and unsaturated halogenated hydrocarbons,
found that several of these compounds containing elther brom-
ine or chlorine caused significant hepatic injury in rats
and mice. Chlorinated naphthalenes produced in rabbits and
gulnea pigs lesions resembling those of the early stages of
acute yellow atrophy of the liver (154). Studies of the
pharmacological action of DDT, a highly chlorinated 1lnsec-
ticide, have revealed that it is capable of producing liver
damage as well as neurological symptoms in animals (155)
(156). The literature contains numerous references to acc-

jdental poisoning by methyl chlorlide used as a commercial

refrigerant (157) (158).
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High fat and low protein diets cause an increased sus-
ceptlibility in animals to the effects of chloroform or car-
bon tetrachloride; on high carbohydrate diets, liver nec-
roslis 1s least, and regeneration after injury most marked
(159) (160). High protein diets are also protective agaln-
3t the hepatotoxins; the degree of protection afforded 1is
Indicated by recent studles of Miller and Whipple (161), who
found that twelve minutes' anaesthesia in a protein-depleted
dog caused severe liver injury, whereas normal dogs toler-
ated ninety minutes of anaesthesia with little hepatic 1in-
jury. Methlonine seems to be the component of proteins
responsible for the protective effect (162), and has been
used successfully in the treatment of acute carbon tetrachlor-
ide poisoning in man (148).

Because of the widespread use of carbon tetrachlorlde
in the treatment of hookworm,extensive studies of the toxic-
ity of the drug were made in animals (127) (128) (163) (145).
It was observed that the oral administration of very large
doses of carbon tetrachloridg produced no outward signs of
intoxication in dogs on a well-balanced diet, although liv-

er function tests showed the presence of hepatic damage.

On the other hand, dogs receiving a diet low in calcium died

in coma or tetanic convulsions within two to three days af-

ter ingestion of the drug; repeated intravenous injections

of calcium salts before death were highly beneficial 1n

relieving the symptoms of intoxication (164) (165) (166).
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Function tests indicated, however, that the liver disturb-
ance in the calcium-deficient dogs was about the same as in
the dogs on a well-balanced diet, and it was found that even
in dogs protected against the acute symptoms of carbon tet-
rachloride intoxlcation, repeated administration of the drug
caused typlcal cirrhosis of the liver. An intoxication very
similar to that of carbon tetrachloride poisoning was prod-
uced in dogs by the subcutaneous administration of a lethal
dose of guanidine-hydrochloride (165). Because of the grad-
ual rise in the level of blood guanidine after carbon tet-
rachloride 1is given, and because the increased toxicity of
carbon tetrachloride when given with alcohol is accompanied
by a much higher and more rapid rise in blood guanldine,
Minoct and Cutler (165) postulated that there was a causal
relationship between the retained guanidine and the symptoms
noted. Calcium was found to be highly beneficlal 1n guan-
idine poisoning.

Wokes (167) studied the effect of calcium on carbon
tetrachloride toxicity in mice, and found no significant
difference in susceptibility when the calcium content of the
diet was varied from 0.2 to 2.0 per cent of calcium. Oral
administration of large doses of calcium lactate produced a
decrease in susceptibility to the drug but did not provide
complete protection.

Cantarow et al (168) have recently studied the problem

in cats, making extensive functional and histological studies
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of the livers of the animals used. The group of cats re-
ceiving intravenous injections of calcium gluconogalacto-
gluconate following carbon tetrachloride ingestion manifest-
ed a greatly increased tolerance to the drug; hepatic func-
tional Impairment was less marked, and the mortality rate
was lower than in untreated animals. Histological studies
of the liver showed that iIn the group receiving calcium,
there was conslstently less hepatic cell disintegration, and
a much better preservation of the hepatic cell cord arrange-
ment. These results are of Interest in view of the fact
that Minot had found that calcium administration relieved the
symptoms of carbon tetrachloride intoxication, but did not
lessen the degree of liver damage (164).

A liver preparation of Forbes et al (169) (170) when
given to animals prior to administration of chloroform or
carbon tetrachloride, was found to provide protectlion again-
st the damaging effects of the drugs; the preparation also
accelerated the healing of liver tissue after damage; the
1iver fat of the treated animals was invarlably less than
that of the controls (171). The active material in the liv-
er preparation was isolated in crystalline form and found to
be identical with the sodium salt of xanthine (172) (173).
Other purine compounds had a similar protective action, but
purine oxidation products, allantoin and alloxan, Increased

the liver damage caused by the chlorine-containing drugs.
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Vars et al (174) confirmed the protective action of a
suspension of sodium xanthlne against liver injury, but
found that subcutaneous injections of a solution of sodium
ricinoleate conferred a similar protection, and injectlons
of colloidal carbon were partially effective. The property
common to these three substances 1s the abllity to produce
an inflammatory reaction in the body. Vars et al suggest
that they act by producing "split-products" for theuse of
the liver, a theory first suggested by Daft and colleagues
(175), and conforming with the findings that high protein
diets are very protective agalnst chloroform injury to the
liver.

A similar mechanism might explain the protective action
of a cholesterol ester collolid ("1iposol") when injected
intraperitoneally previous to carbon tetrachloride admin-
istration in rats (176).

MacNider (177) has reported the presence in the livers
of fifteen out of twenty-one senile dogs, of an atypical flatt-
ened type of cell with large, deeply staining nuclel, re-
placing the normal polyhedral-shaped cells of the parenchyma.
Although animals with such cells in their liver showed re-
tention of the dye phenoltetrachlorphthalein (see pe81 ),
they showed also a remarkable resistance to liver injury
from alcohol or chloroform.

When uranium nitrate was given to normal young dogs,

diffuse liver injury resulted (178)., Four weeks later, dye
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excretion tests ylelded normal results in some animals, but
in others there was abnormal retention of the dye. The 1liv=-
ers of these animals showed the abnormal, flattened type of
cell previously found only in senile dogs, and exhibited the
seme resistance to a second poisoning with uranium nitrate
or with chloroform. Cantarow et al (168) found that repair
following carbon tetrachloride intoxication in cats result-
ed 1In an atyplical flattened type of epithelium, identical
with that described by MacNider.

The sulfonamide drugs have been found to protect the
livers of animals from the toxic effects of carbon tetra-
chloride; the mechanism of this phenomenon is at present
not known (179) (180).

Graham (150) has proposed a theory that the toxicity of
carbon tetrachloride, chloroform, and dichloromethane, lies
in the release of hydrochloric acid in the body when these
compounds are metabolised. He claims that hydrochloric acid
in suitable concentrations produces a condition of necros-
1s, fatty changes, haemorrhages, and oedema, similar to de-
layed chloroform poisoning, and that alkall given 1n suitable
concentrations simultaneously with chloroform markedly in-
hibits the production of liver lesions. Iodoform, bromo-
form, and the halogenated substitution products of ethane
all yield halogen acids on breaking down in the body, and
all produce similar hepatic lesions. On the other hand,

chloral hydrate, which does not cause liver damage, is



42

excreted as trichloroethylglucuronic acid.,

Acidosls isfrequently found in cases of liver disease
(57) (117) but whether it 1s the cause or the effect has
never been determined. Only a few odd observations are found
concerning this subject. Stehle and Bourne (181) have shown
that ether anaesthesla causes acidosis, which they attribute
in large part to the liberation of phosphoric acid from or-
ganic phosphate compounds in muscle. Atabrine, when given
to rats, caused a severe irritation of the gastro-intestinal
tract resulting in a flow of fluid into the stomach and in-
testines, followed by dlarrhea. The animals became severely
dehydrated, and a marked acidosis was produced. Atabrine
administration also produced liver necrosis (182). MacNider
(117) found a disturbance in the acid-base equilibrium of
the blood in dogs intoxicated with alcohol, 1n which severe
liver damage resulted. Acute liver injury in dogs recelv-
ing arsphenamine was accompanied by acidosis with very high
levels of lactic acid in the blood (87). An acid-producing
diet has been shown to be associated with lowered levels of
liver glycogen in animals (183), which would in turn make

the liver more vulnerable to damage, or perhaps even cause

injury to the liver.
Graham's statement that the similtaneous administration

of alkall largely inhibits the liver lesions produced by
chloroform, has been challenged, however, by Davis and Whipple

(184). In their experiments nelther sodium carbonate in
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hypertonlc salt solution, nor phosphate solutions high in
buffer content, were protective against the hepatotoxic eff-

ects of chloroform when given intravenously during the an-

aesthesia,
vil. Sulfonamides

The sulfonamide drugs, valuable in chemotherapy, have
manifested varying degrees of toxicity, leading at times
even to death with kildney and liver lesions (185), In less
extreme cases, hyperbilirubinemia (186), lowered prothrombin
levels (187) (188), and positive colloidal gold tests have
been observed (189) (190).

The various sulfonamide drugs differ in their toxlicity.
Sulfanilamide has been reported to have caused toxic hepat-
1tis (191) (192) (193) (194), jaundice (195), fat necrosis
(196), and acute yellow atrophy (197). The drug increases
the destruction of red blood cells and the formation of
urobilinogen (192) (195) (196) (198) (199), and occaslonally
causes damage to the kidneys (196) (200).

Although Johannsen (201) found large doses of sulfa-
pyridine to be relatively non-toxic to mice, Watson (195)
has reported a case of jaundice, and Singh (202) a death
following sulfapyridine therapy. In the latter case degen-
eration and necrosis of the liver cells were the only ab-
normalities found.

Sulfaguanidine, when fed for two months to rats in an

amount equal to one pa cent of the diet, was fatal and caused
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extensive lesions throughout the body, including degenera-
tlon and necrosis of the liver cells (216). Addition of
follc acid and biotin to the diet reduced the mortality
from ninety to fourteen per cent, and the liver and splenic
lesions tended to heal. Black et al (203) found that the
addition of sulfaguanidine to a synthetic diet reduced both
the growth rate and the blood prothrombin concentration in
rats., Liver extract or p-aminobenzoic acid counteracted
both effects; vitamin K was active only against the hypopro-
thrombinemia. The hypothesis that sulfaguanidine inhibits
the bacterial synthesis of nutritional factors in the intest-
ine was only partially satisfactory; a toxic action of the
drug on the body tissues was also indicated.

The chlef toxic action of sulfathiazole appears to be
a sllight impalrment of renal function, caused by a physical
blocking of the renal tubules by crystals of the acetylated
compound formed by protective synthesis (204) (205) (206),
Injury to the liver and spleen from sulfathiazole also has
been reported. Waugh (207) found sulfathiazole to be less
toxic to the liver of the thirteen-day old chick embryo than
sulfanilamide or sulfapyridine.

Since in humans it has been impossible to correlatc the
degree of hepatic dysfunction with the amount of sulfonam-
jde or duration of therapy, and since toxic manifestations
are actually rather infrequent (Machella and Higgins (123)

report that less than one per cent of patlents receliving
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sulfanllamide show liver damage), the theory that hepatic
damage depends upon an idiosyncrasy to the drugs appears to
be well-founded (189) (193) (208)., Peterson (209) does not
conslder the presence of liver damage to be a contra-indica-
tlon to therapy with sulfonamides in patients with infections
agalnst which the drugs are effective.

Machella and Higgins (123) (210) have studied the eff-
ect of sulfanilamide on rats with experimentally damaged
livers, and found that the drug did not increase the injury
to the liver caused by carbon tetrachloride hepatitis, or
by the presence of obstructive Jaundice, The sulfonamide
did not impede the regeneration of the liver after carbon
tetrachlorlde administration had been discontinued, nor did
the simultaneous administration of alcohol and sulfanlilam-
ide result in hepatic damage. In fact, it was noted that
the livers of those animals that received only carbon tet-
rachloride were more damaged than the livers of animals re-
ceiving carbon tetrachloride plus sulfanilamlde. Leach and
Forbes (180) have studied this strange protective action of
the sulfonamide drugs against carbon tetrachloride polson-
ing, and found that neither sulfanilic acid nor any one of
a number of vitamins and amino-aclds tested lncreased the

enimals! tolerance to carbon tetrachloride.

viili, Atabrine
The toxicity of the now widely used antimalarlal compound,

atabrine, has been extensively studied in animals. A single
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dose of the drug in rats (equivalent to fifty per cent of
the L.D. 50) was found to produce a severe necrosis of the
liver, abnormal retentlon of bromsulfalein and prolonga-
tion of the prothrombin time., Liver damage as indicated
by function tests and by mortality was markedly increased
by fasting the animals for varying periods before giving
the drug (211). In rats a higheprotein low-fat diet offer-
ed much greater protection against daily administration of
the drug than did either a low-protein, or a high-protein
and fat diet (212) (213). In dogs, too, the beneficial
effects of a high-protein diet were noticeable. Thiamine
deficiency had no effect upon the hepatic changes produced
by atabrine (212). Increases in the plasma fibrinogen lev-
els appeared to run parallel with the toxic action of the
drug upon the liver, being slight in animals not showing
grossly necrotic livers, and much more strikingly elevated
in the presence of gross liver necrosis (213) (214).

These high levels of fibrinogen in the blood are prob-
ably the result of generalised tissue injury; severe dam-
age to the liver parenchyma results In a decreased produc-
tion of fibrinogen by that organ.

Gottfried and Levine (215) have studied liver function

in soldiers who had received 0.1 gm. of atabrire dally for

eighteen months. In spite of the wide variety of tests per-

formed, only the hippuric acid test showed evidence of hep=

atic dysfunction, and with this test, abnormal results were
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found only in three of the soldiers studied. Presumably the

small doses of atabrine administered caused no subclinical

liver damage.

ix. Selenium

Wheat grown on seleniferous soil produces in rats a well-
marked nodular cirrhosis of the liver, when combined with a
low-protein, high-carbohydrate diet (217). Although high-fat,
low-protein diets, and high-protein diets do not offer com-
plete protection against the toxic effects of organic sel-
enium compounds, they greatly delay and decrease their fre-
quencye

Selenium 1is poisonous in minute doses; as 1lilttle as fif-
teen parts per million of selenium in the diet of the rat
cause toxic effects (218), Higher animals appcar to be even
more susceptible to the poison. Liver tumors developed 1n
meny rats which survived for elghteen to twenty-four months
on diets containing from five to ten parts per million of

selenium (219).

The liver damage produced by selenium has several un-

fque features (see p.57 ). Lillie et al (220) report that

cirrhosis caused by selenium poisoning does not resemble

that of cincophen, copper, silicic acid, or phosphorus pols-

It is obvious that the protective action of a high-
ous effect of a high-

oning.

fat, low-protein diet, and the deleteri

carbohydrate, low-protein dlet, are most unusual, Lastly,

it has been shown that the addition of five parts per milllion
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of arsenic as sodium arsenite to the drinking water of dogs,
provided full protection against the liver damage caused by
elther sodium selenite, or seleniferous wheat (221) (232).
The theory has been proposed that arsenic combines with sel-
enium in the gastro-intestinal tract, decreasing its absorp-
tion. Moxon et al, however, found that arsenic effectively
detoxlfied selenium regardless of the route of administra-

tion (oral or subcutaneous) of either metal (222).

X. Acacla and other colloidal materials

Gum acacia was once used as a blood substitute because
of 1ts capacity for retaining water in the blood stream, and
maintaining the blood volume for a time. The polysaccharide
1s largely deposited in the liver, and 1s removed from this
organ very slowly (223) (224) (225). Decreased excretion
of bile acids, lowered levels of serum proteins and cholest-
erol, diminished glucose and galactose tolerance, and de-
layed clotting of the blood, all indicative of diminished
liver function, have been reported following intravenous ad-
ministration of acacia to animals (223) (224) (226) (227)
(228) (229). The polygonal cells are swollen with deposits
of acacia, and Yuile and Knutti (230) have proposed that
the hepatic insufficlency might be caused by a physical
"clogging" of the cells by the gum. Gum arabic is simil-
arly retained for a long time in the liver cells and the
R.E., cells of the viscera (231).

Many other colloidal substances that in small amounts
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are innocuous are taken up by the R.E. cells and slowly el=-
iminated through the bile. If injected in large amounts,
they may cause hepatic damage. Cilrrhosis of the liver has
been produced in cats (233), dogs (234), and rabbits (235)
by the repeated Injection of colloldal silica. The lesions
are raplildly recovered from, and even large doses aré ineff-
ective in the production of chronic damage unless the inter-
vals between the injections are relatively short. The 1liv-
er changes are accompanied by enlargement of the spleen and

kidney lesions.

xi. Carcinogens and diseases affecting the liver

The development of liver tumors in rats and mice is in-
duced by many organic chemical compounds, including p-
dimethylaminoazobenzene (236) (237) and certain of the az-
onaphthalene compounds (238). Polson (239) found no parall-
el between carcinogenicity and toxicity to the llver, how-
ever, for although dibenzanthracene caused liver necrosils,
1,2-benzpyrene had no such effect, and the hepatotoxic action
of tar did not seem to lie in 1ts carcinogenic fraction.

Dibenzanthracene administered to normal rats was not
found by Abels et al (240) to produce functional deficlency,
according to the results of several tests; the concentration
of vitamin A in the liver was depleted, however, and the
theory was propounded that there is a competition between
vitamin A and dibenzanthracene for some substance, possibly

a protein, to which vitamin A may be bound in the liver.
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Clayton and Baumann (241) found, similarly, that vitamin A

is stored 1n the liver and released therefrom by a mechanism
comparatively independent of other processes taking place

in the liver; the powerful carcinogen p-dimethylaminoazoben-
zene did not alter the hepatic storage of the vitamin, nor
was 1t affected by dicumarol or vitamin K, which greatly in-
fluence the prothrombin level of the blood, nor by the re-
moval of large amounts of fat from the liver,

The susceptibility of the liver in rats to the carcin-
ogenlc action of p-dimethylaminoazobenzene 1is increased by
the presence of cilrrhosis of the liver, or by feeding a
diet high in fat or low in the vitamin B complex (242) (243)
(244) (245).

Patients with cancer of the gastro-intestinal tract
show a high lncidence of hepatic insufficiency, although
the liver shows little or no morphological change, other
than deposits of fat. Removal of the cancer causes disapp-
earance of the hepatic dysfunction in many cases (246) (247),

Although hepatic dysfunction 1s frequently found in
cases of hyperthyroidism (248) (249) (250) (251), no direct
causal relationship between the two has yet been proved
(252) (253) (254)., The recent researches of Drill and his
assoclates indicate that the problem may be elucidated in
the near future, Hyperthyroid rats suffered a depletion of
liver glycogen unless fed large doses of B-vitamins (255).
Presumably the same is true in thyroid-fed dogs in which
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removal of yeast greatly hastened, and a diet high in the B-
vitamins delayed, the development of abnormal liver function
as Indicated by the bromsulfalein test. Serum phosphatase
levels were found to be increased only when the dye reten=
tion was abnormal (256) (257) (258) McIver and Winter (27)
report that a high protein diet does not afford protection
against chloroform poisoning in animals receiving thyroid

hormone.,

xii. Miscellaneous damaging agents

Phosphorus has beex» used for many years as a hepatotox-
in; it 1is usually administered subcutaneocusly dissolved in
olive oil. Chronic and acute liver damage has been prod-
uced with phosphorus in rabbits (130) (259) (260), guinea
pigs (261), dogs (262) and rats (263).

Elemental phosphorus 1is not a substance to which hum-
ans are commonly exposed, nor 1is 1t used therapeutically.
Whether 1t produces the same type of damage and biochemical
derangement as other commonly used hepatotoxic drugs is a
question that has givenrise to criticism of the use of phos=-
phorus in experimental studies of liver functlon.

Many alkalolds cause extenslive liver necrosis, with
sinusoidal congestion and haemorrhage into the cell cords
(264) (265) (266) (267).

Feeding a diet containing two milligrams of copper
acetate per gram of food (0.2%) to rabblits resulted in pig=-

mentation of the liver, and necrosis, developing in some
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of the animals into cirrhosis (268),

Liver damage has also been reported to have followed
the ingestlon of cincophen, tolysin, sodium salicylate (269),
hydrazine (270) (271) (272), and the seed of Amsinckia inter-
media (273); the injection of toluylenediamine (141) (151)
(22); and shale oil (285) (286); and prolonged contact with
TNT (274) (275)s The injurious effect of certain glycols
was demonstrated in the perfused cat liver by Newman and
colleagues (276),

Boldyreff and Humphrey (277) (278) have mr oduced acute
yellow atrophy of the liver in dogs by injectling pancreatic
julce directly into the portal vein. The same leslion dev-
eloped more slowly in dogs 1in which large amounts of pan-
creatic Juice were introduced into the intestine through
an intestinal fistula. These workers suggest that a mark-
edly increased pancreatic secretion might be a factor in
the development of acute yellow atrophy in humans.

Liver damage has been shown to follow severe burns
(279) (280). Jaundice frequently develops as early as the
third day, and functional studies indicate the presence of
hepatic damage especially during the period from the third
to the tenth day following the injury. The etlology of the
liver damage has not been discovered, but it 1Is suggested
that infection, a circulating toxin, or hypoxia from cap-
illary stasis might be the cause. Large doses of x-rays

have been noted to result in increased amounts of fat in
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the liver (281).

e. Diet

For many years investigators have noted a relationship
between the diet fed to animals and the resistance of the
liver to the action of hepatotoxic drugs. The protective
action of liver glycogen and the beneficlal effects of glu-
cose administration in experimental hepatic insufficiency
have already been described, and the generally deleterious
results of high-fat diets prior to the administration of
alcohol, atabrine, arsphenamine, chloroform, and carbon
tetrachloride (282) have been mentioned, Workers have
found high-=protein or high-carbohydrate dlets to afford a
high degree of protection against these hepatotoxins. A
curious exception 1s the metal selenium, which was shown
to be much more harmful when given with a low-protein, high-
carbohydrate diet than with a low-protein, high-fat diet.

Recently 1t has been shown that the condition of the
liver itself can be profoundly affected by varying the
dlet with respect to the content of carbohydrate, protein,
fat, amino-acids, and dietary factors such as choline and
the B-vitamins (283) (284),

Because of the important part played by the liver in
carbohydrate metabolism, in which several B-vitamins serve
as co-onzymes, it would be antlicipated that the liver re-

quires an adequate supply of these vitamins. There are a

few experimental observations which indicate that the
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members of the B-complex are, indeed, necegsary for the pres-
ervation of the normal state of the liver,

Gyorgy and Goldblatt (287) occasionally found degener-
ative and necrotic changes in the livers of rats on a diet
deficient in vitamin B-complex, but supplemented with By, Bg,
and riboflavin. The leslons could be regularly prevented by
the addition of yeast to the diet. The liver injury could
not be produced at will, and did not occur regularly even
under identiceael experimental conditions.

Fouts (288) fed dogs a low-protein diet supplemented
with thiamine, riboflavin, nicotinic acid, pyridoxine, and
pantothenic acld; a deficiency state resulted, in which
fatty cirrhotic livers were found. Choline, inositol, and
p-aminobenzoic acld were not effective in curing or prevent-
ing the deficiency state, but the comblned administration of
choline and powdered liver extract caused the rapid disapp-
earance of the signs of deficiency. Fouts concluded that
the animals required a supplement other than the well-recog-
nized members of the B-complex.,

Street and Cowgill (289) irregularly observed an in-
creased fat content of the liver cells in riboflavin-deficient
dogs. However, a similar change was also seen in the inan-
ition control dogs, so that apparently not the riboflavin
deficiency but the accompanying inanition was the cause.

The lipotropic action of choline 1n fatty livers prod-

uced both by feeding diets high in fat or cholesterol, or by
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the administration of a hepatotoxin such as phosphorus or
carbon tetrachloride, has been extensively studied during
the past few years (60) (290) (291) (292) (293) (294) (295).
McHenry (296) has recently reviewed this subject and has
suggested that choline should be considered not as a vit=-
amin but merely as an essential dietary constituent,

The attribution of the lipotropic activity of casein
(292) to its methionine content led to an investigation of
the sulfur containing amino-acids. It was soon found in
aminals on a high-~fat dlet that whereas methionlne supplem-
ents reduced the hepatic fat content, large amounts of cys-
tine greatly increased the amount of fat in the liver (297).

Prolonged feeding of various high-fat, low-proteln,
low-choline diets resulted not only in fatty infiltration,
but eventually in cirrhosis of the liver in rats (126) (298)
(299), dogs (300) (301), rabbits and guinea pigs (302) (303)
(304)s Choline and methionine, when administered, were par-
tially or wholly effective in preventing the cirrhotic cond-
ition. It was felt that the extensive fibrosis in the liv=-
ers of choline-deficient animals was stimulated by the pres-
ence of fat in the liver cells over a period of several
months.,

The production of cirrhosis of the liver 1In rats fed &
low=fat, low=protein diet has been reported by Daft and his
colleagues (121) (305) (306) (311); the lesions could be

prevented by the additlion of choline, methionine, or casein
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to the diet. Under certain conditions the parenchymal cells
of the cirrhotic liver contained a hyaline substance which
has been named "ceroid" (307) (308); this compound was found
also in the R.E. cells of the liver, spleen, and lungs. It
has been noted that the deposition of ceroid is greatly in-
fluenced by the type of fat in the low-protein, low-choline
dlets; 1in addition, it has been found that 5% of l=cystine
in the diet favours pigment deposition, while 1% choline and
alpha~-tocopherol inhibit 1t (309) (310),

The liver lesions produced by the addition of l-cystine
to the diet have been studied by Earle and Victor (312) (313)
(314). In rats fed diets containing ten per cent cystine the
manifestationswere fatty infiltration, portal haemorrhagic
necrosis, and cirrhosis in animals surviving more than two
weeks. The pathogenesls of the liver lesions could be mod-
ified by varylng the diet. Fatty infiltration was found
only with low-protein, high-fat diets; choline prevented the
accumulation of fat, but did not protect the lliver agalnst
the other effects of cystine. There was no correlation be-
tween the amount of fat in the liver and the incldence or
degree of cirrhosis,

Earle and Victor have pointed out several ways in which
the damage produced by cystine differs from that caused by
low-protein, high-fat diets (313). The lack of response to
choline is one important difference; in addition, the lesion

develops more rapidly, is less diffuse, and 1s characterised
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by more extensive bile duct proliferation than the liver dam-
age produced on low-protein, high-fat diets.

It is interesting also to note that the cirrhosis caus-
ed by excess dletary cystine is unlike that produced by most
hepatotoxins, with the exception of selenium. Both cystine
and selenlum produce damage in which the acute lesion con-
sists of a periportal haemorrhagic necrosis; cirrhosis dev-
elops later. Another curious link between the two is the
fact that certain fats, when fed at a high level in the dilet,
manifest a protective action against liver damage caused by
excess selenlium; the reduced toxiclty of selenium when given
with a high fat diet has already been mentioned.

Methionine and to a less extent cystine, given to
protein-depleted dogs several hours before chloroform anaes-
thesia, has been found to exert a remarkable protective ac-
tion against injury to the liver. Large cystine supplements
frequently caused jaundice in the protein-depleted dogs,
yet stlll protected the animals against & lethal anaestheslia
(315)s Methionine also protects protein-depleted dogs again-
st liver injury caused by arsphenamine (316).

The lipotropic action of mathionine has been employed
by several investigators in the treatment of cirrhosis in
humans., Rimmerman and colleagues (317) fed their patients
a diet low in fat and rich in carbohydrate and protein, with
added choline and B-vitamins. Repeated liver function tests

showed definite improvement in a number of cases, Fagin
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et al (318) (3192) administered amino acids parenterally or
intravenously, and noted improvement in the condition of the
patients after four weeks. In some cases liver specimens
were analysed, and it was found that the specimens from the
patients receiving amino-aclds contained a higher percentage
of protein and a lower percentage of fat than did the samples
from patients who were not given amino-acids.

Beattie et al (148) successfully treated a case of acute
chloroform poisoning with dl-methionine, and succeeded in
delaying the onset of liver damage and in moderating its sev-
erity in patlents receiving arsenicaels, by the administration
of methionine (79) during the period of treatment when the
expected incldence of liver disease was maximal,

Very few liver function tests have been performed on an-
imals with liver lesions of dietary origin, but the results
available indicate that the tests should be of great value
in following the course of the leslons,.

Hough and Freeman (320) (321) found that the removal of
protein from the diet of dogs soon resulted in an increase
in serum phosphatase and a progressive impairment in the
clearance of rose bengal from the serum. Fatty infiltration
was noted after about sixteen weeks on the protein-deficient
diet., Addition of protein to the diet in the form of casein
or cooked egg white reversed these findings; choline was of

temporary benefit, but could not prevent the extenslve changes

in the body resulting from protein deficiency.
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McKlbbin and his colleagues (322) (323) have studied the
effects of choline deficliency in dogs on the results of sev-
eral liver function tests. They, too, found an increased serum
phosphatase activity, related to the degree of fatty infiltra-
tion of the liver; the clearance of bromsulfalein was markedly
delayed, but these results correlated less well with the fatty
Infiltration. The prothrombin level of the blood was lowered
only 1n the presence of an extremely high hepatic fat content;
the colloidal gold test was of no value in their experiments,
Unpublished experiments on pantothenic acid-deficlent pups,
however, revealed little functional abnormality of the liver
even though fifty per cent of 1ts dry weight was lipid mat-
erial., Dutra and McKibbon (323) suggest that the mere pres-
ence of fat 1s not responsible for the diminution in liver
function in choline-deficient dogs, and that the fatty met-
amorphosis may be only coincidental, rather than an anatomic
manifestation of hepatic cell injury. The work of L1 and
Freeman (793) (794) (795), however, indicates that the reduced
clearance of rose bengal occurring in dogs fed a protein-
deficient diet with added cholesterol is due largely to an
accumulation of lipids in the liver.

The elucidation of the role of dletary factors in the dev-
elopment of liver lesions 1s by no means complete, but in view
of the extens¥ e 1nvestigations being carried on in thils fileld,

the next few years should bring forth much knowledge of wide

theoretical and practical interest.

5., Bile Pizment Metabolism a. Bilirubin formation and

excretion

The principal bile pigments are billirubin (CzzHzgN40g),
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an orange-red compound, and its oxidation product, the
bluish=green blliverdin (CzzHzgN40g)e These compounds are
formed when the haemoglobin molecule, liberated in red cell
destruction, undergoes an opening of the ring system of the
prosthetic group, with the loss of its four iron atoms and
the proteln component. In clinical and experimental invest-
igations of the relation of the bile pigments to the liver,
bilirubin 1s the only pigment which has been extensively
studied.

Hawkins and Johnson (324) have inquired into the quan-
titative relationships in the formation of bilirubin from
laked red cells, injected into anaemic dogs. Assuming, on
the basis of their molecular weights, that the destruction
of one gram of haemoglobin yields 34.9 grams of bilirubin,
the investlgators found that new haemoglobin was formed in
an equivalent amount (90 to 100 per cent),and that concurr-
ently there was a return(90 to 100 per cent)of the injected
haemoglobin in the form of bile pigment. They suggest
that under normal conditions muscle haemoglobin may be the
source of from one-third to one-=-quarter of the dally excreted
bilirubin, and that the remainder comes from red-cell haem-
oglobin,

The formation of the bille plgments takes place 1in the
spleen, bone marrow, lymph glands, and liver. Mann and co-

workers (325) studying totally hepatectomised dogs, showed

spectroscopically that the yellow pigment in the urine,
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plasma, and fat of these animals was bilirubin, proving that
there was an extrahepatic source of the bile pigments. In
1926 (326) they showed that the liver also was concerned in
this process, when they found that the bilirubin content of
the blood leaving the liver was measurably greater than that
of the blood entering the organ, after the excretion of bile
plgment through the biliary tract had been prevented. Later
in the same year Mann and his colleagues (327) developed an
lndex of the rate of bilirubln formation by measuring the
rate of development of bililirublnemla following removal of
the gall bladder and obstruction of the common bile duct.
Using thls index they determined the effect of the loss of
organs such as the liver and spleen on the rate at which
bilirubinemlia was developing, and obtained the normal amount
of bilirubin in the absence of both these organs. They con-
cluded that, in the dog, all but a small amount of bilirubin

is formed outside the abdominal cavity, probably 1in the bone

marrow,

However, the cells of the reticulo-endothelial system
("R.E.S.") are generally believed to be responsible for the
formation of the bile pigments; many people believe, 1In
spite of Mann's results with eviscerated dogs, that the
Kupffer cells of the liver are of major importance in this
conversion. Gottlieb (328) (329) (330) in a study of the
Kupffer cells, blockaded the cells with thorium dloxide and

found that in the rat this blockade prevented the usual
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accumulation of bilirubin in the blood after the administra-
tion of toluylenediamine, In dogs with biliary fistulas,
blockade of the R.E. cells caused complete disappearance of
bilirubln from the bile within forty-eight hours after the
second injection of thorotrast.

The epithellal cells of the liver play no part in the
formation of the bile pigments; they are involved only in
the excretion of the pigments into the bile canaliculi.
Harrop and Barron (331) found that bilirubin injected into
the blood stream was not excreted by the kidneys, or retained
by the R.E. system; it was totally excreted by the liver.

Normally, only a small portion of the liver 1s necess-
ary to excrete all the bilirubin formed in the body. This
remarkable factor of safety of the liver with respect to
the removal of bilirubin was shown by Dragstedt and Mills
(332) who ligated the hepatic ducts draining an estimated
two-thirds of the liver in a dog; twenty-four hours later
the clearance of intravenously injected bilirubin was norme-
al,

These investigators studied the mechanism of the remov-
al of injected bilirubin from the blood, and found that the
rate of removal was retarded by anaesthesia, and immediately
arrested by biliary obstruction. However, they reported an

initial rapid removal of bilirubin which is apparently not

accounted for by its excretion in the bile. That thls rapid

disappearance might be due to the R.E. system 1s suggested
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by thelr finding that an artificially induced bilirubinemia
causes retention of the dye, bromsulfalein, which has been
shown by several investigators to be removed from the blood
chiefly by the R.E. cells (333), Blockade of the R.E. cells
did not retard the rate of removal of injected bilirubin as
much as i1t did bromsulfalein, but the posslibllity that some
of these cells may be involved wes not excluded, PFurther
treatment of this subject will be found in a later discussion

on dye excretion (see p. 85),

bPe Jaundice
Under certaln pathological conditions, the concentra-
tion of bllirubin in the blood may increase to such an ex-
tent that the skin and the sclera of the eyes become yellow
or greenish-yellow in colour, and jaundice or icterus results.
Maintenance of a low level of bilirubin in the blood
is dependent upon the ability of the hepatic cells to remove
bilirubin from the blood, and damage to the liver frequently
causes an elevation of blood bilirubin. The amount of bil-
irubin in the blood depends also, however, on the amount of
haemoglobin available, which in turn 1is 1nfluenced by diet,
and by loss or destruction of blood. Herlitz (334) found

that in diseases in which streptococcal infection is present,

the blood bilirubin level is often increased because of
breakdown of the red cells although other diseases, even

when prolonged and severe, seldom increase the bilirubin

level,
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That the amount of bilirubin in the blood depends on
many factors other than hepatic injury is illustrated strik-
ingly by Mann (21) who found that an animal with obstruction
to the biliary outflow will have a large amount of bilirubin
in the blood a few days after the beginning of an obstruc-
tion, when the liver appears almost normal, and will have
only a small amount of bilirubin 1n the blood several months
after the obstruction, when the llver is very severely dam-
aged. Similarly, in the blood of a dog with only a single
cirrhotic lobe of liver remaining, there may be an almost
undetectable amount of bilirubin, while in a normal animal,
the administration of toluylenediamine will cause intense
jaundice, with very little hepatic injury. Jaundice, there-
fore, may be the result of several different factors, and
the causes are usually classified in the following manner:

a. Excessive haemolysis of red cells because of some ab-
normality of the cells, or because of some toxic sub-
stance capable of destroying red cells and resulting

in the production of bilirubin in excess of the liver's

normal excretory capaclty (haemolytic jaundice).

b, Decreased excretion of bilirubin because of toxic or
infectious damage to the liver cells and smaller bille
passages (hepatogenous or catarrhal jaundice).

c. Obstruction of the larger bile passages, causing a

reflux of bilirubin into the blood (obstructive jaundice).
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However, 1f pure forms of jaundice exlst, they do so
only in the very early stages, for a high level of blood
bilirubin from elither haemolysis, or obstruction of the bile
flow, soon injures the hepatic parenchyma, and conversely,
pure hepatogenous jaundice causes some regurgitation of bile
because of occlusion of some of the smaller bile passages.

Mann and Bollman (22) have reported jaundice in dogs
following continuous injectlon of dextrose for many hours at
the maximum rate of tolerance. The glycogen concentration
was lncreased up to twenty percent of the liver weight, and
the jaundice was ascribed to the blocking of the bile canal=-

icull by the swollen hepatic cells.

ce Icteric index

One of the simplest methods  following the changes in
the concentration of bilirubin in the blood consists 1n det-
ermining the "icteric index"™, i.e. in comparing the intensity
of the yellow colour of the blood serum with that of a stand-
ard solution of potassium dichromate (1:10,000). The icteric
index in the normal person lies within the range of 4 to 63
an icteric index of more than 6 indicates latent jaundice,
while with an index above 15 jaundice is usually clinically
visible. Other yellow pigments, such as carotene, may be
present in the blood, however, and must be removed by first
precipitating the serum with acetone before the comparison

is made. Of the index, Boyce and McFetridge (1) state that
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it 1is
"a test for jaundice, a simple, reasonably accurate
test, the chief value of which is in the revelation
of latent or subclinical jaundice, and in the dem=-
onstration of fluctuations in the icterus which
cannot be detected by simple clinical observations".
Harrop and Barron (331), however, found no definite cor-
relation between the serum bilirubin level and the icteric
index, although both presumably serve the same purpose as a
measure of bllirublnemia.

Today the icteric index 1s seldom used as a general

test of liver function, because of the many more sensitive

tests available,

d, Van den Bergh reaction

When bilirubin is treated with Ehrlich's dilazo reagent
(a mixture of sulfanilic acid, hydrochloric acid, and sod-
ium nitrite), a reddish or reddish-violet compound, azobil-
irubin, is formed. Usually the colour develops promptly,
reaching a maximum intensity within thirty seconds. On the
other hand, the violet colour may appear only after prellim-
inary precipitation of the serum protein with alcohol. The

fipst is known as the "direct reaction", the second as the

"yndirect reaction". An intermediate type, in which the col-

our appears at once but the attainment of maximum intenslty

1s gradual, 1s termed "biphasic". Why there should be such

differences in the reaction between Ehrlich's reagent and

bilirubin is not yet understood, but several theories have

been advancede.
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Barron (335) believes that the bilirubin normally cir-
culating in the blood 1is indirect-reacting; some constituent
of plasma, presumably albumin, combines with the pigment to
yleld a complex which does not react directly with Ehrlich's
reagent. Only after the complex is dissociated by alcohol
can the reaction take place. Sodium bilirubinate in sol-
ution gives a dlrect reaction. Barron added to serum in-
creasing amounts of this plgment 1n a solution buffered to
pH 8445, The reaction was indirect until the concentration
of bilirubln reached 12 mg. per 100 ml, of blood; in the
concentration range from 12 to 16 mg. per 100 ml. of blood,
the reaction was biphasic, and above a concentratlon of 16
mg. per 100 ml. of blood a "direct" reaction was obtained.
Harrop and Barron (331) found that as soon as a sclutlon of
bilirubin (direct-rsacting) was injected intravenously, the
reaction became indirect, and bel ieved that thls was due to
the adsorption of bilirubin by the proteln of the blood.

Other investigators believe that the two types of re-
actions are given by two different compounds. Griffiths (336)
has isolated from gall-bladder blle a substance distinct
from bilirubin, yet giving the direct reaction. He called
this compound cholebilirubin. Harrison (337) used this term
to designate the pigment after it had passed through the
hepatic cells; the pigment as it occurs in the blood stream

normally was called haemobilirubin.

Greene (338) has used the term cholebilirubin, without
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reference to chemical constitution, to represent the com-
pound which is present in the blood giving the direct re-
action; and the term haemobilirubin for that compound in

the blood giving the indirect reaction. The direct-reacting
form of bilirubin is water-soluble, the indirect-reacting
form chloroform-3oluble,

van den Bergh believed that indirect-reacting bilirub-
in was the product of haemolysis leading to haemolytic jaun-
dlce and that the direct-reacting form was produced by pass-
age of the former compound through the hepatic cells, so
that it could appear in the blood only through regurgita-
tion of bile into the blood stream, in obstructive or hepat-
ogenous jaundice in which there had been rupture of the bile
capillariles.

Obstruction of the common bile duct in animals, leads
within a few hours to the appearance of direct-reacting bil-
irubin in the blood (339). If now the animal 1is hepatect=-
omised, the bilirubin which accumulates after this operation
1s indirect, and 1s not altered by the presence of direct-
acting bilirubin, the reaction is a true biphasic one:

therefore it seems that indirect bilirubin may be considered

to be of extra-hepatic origin and as not having passed through

hepatic cells, and that the direct reaction of bile plgment
in the blood 1is evidence of the reabsorption of bilirubin
from the hepatic cells, after they have converted indirect

bilirubin to the direct-reacting compound.
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That the interpretation of the van den Bergh reaction
1s not as simple and clear-cut as the above experiments
would suggest, 1s indicated by the work of several other
investigators. Herlitz (334) claims that if serum is all-
owed to stand for a moderate length of time exposed to light,
a direct reaction may change to an indirect one, and that a
nltrite surplus may elicit a direct reaction in haemolytic
Jaundice. At the onset of obstructive jaundice and during
convalescence from it, the reaction is often indirect. In
the haemorrhages of haemolytic jaundice or after splenectomy,
there may be a direct reaction. He suggests that bile acilds
and salts liberate the bilirubin from its combination with
albumin, to give a direct reaction, and that while an in-
direct reaction does not necessarily mean extra-hepatic
jJaundice the direct reaction probably proves injury of liv-
er cells.,

Recent studies of the chloroform-soluble and insoluble
fractions of the blood bilirubin have shown that in hepatog-
enous and obstructive jaundice both types of bllirubin are
present. In haemolytic jaundice the greater proportion of
the total bilirubin was chloroform-soluble, but 1f the total
pigment concentration was high, a prompt colour development
was noted, not reaching a maximum, however, for fifteen to
thirty minutes (340) (341).

Dameshek and Singer have reported two cases of familial

non-haemolytic jaundice in which the indirect reaction was

given (342).
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Cantarow (343) (344), in a recent investigation of the
van den Bergh reaction, mixed samples of serum from obstruc-
tive jaundice and from haemolytic jaundice in varying prop-
ortions with one another or with normal serum, and found that
the actual proportion of direct bilirubin in the mixture did
not coincide with the theoretical. With decreased bilirub-
inemia in such mixtures, the actual rose progressively above
the theoretical in the case of haemolytic jaundice serum,
and fell progressively below the latter in the case of ob-
structive jaundice serum., Cantarow suggests that the cap-
acity of serum bilirubin for giving the direct reaction 1is
dependent in part at least, on factors in serum other than
the bilirubln molecule or the nature of 1its combination with
albumin,

Boyce ()) states of the van den Bergh reaction that it
furnishes much the same information as does the simpler
icteric index test, and that it is open to such possibilit-
ies of misinterpretation that many investigators are unwill-
Ing to use it at all as a test of liver function,

According to Mann and Bollman (22) true haemolytic
jaundice, similar to that in humans, has not been produced
in animals by injections of haemolysed blood or by injections
of various haemolytic agents, for the bilirubin which acc-
umulates in the blood after these procedures gives a direct
reaction with Ehrlich's reagent: however, hepatectomy causes

bilirubinemia similar to that of haemolytic jaundice, giving

the indirect reaction.
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Hellbrun and Hubbard (340) suggest that the measurement
of the chloroform-soluble fraction of serum bilirubin in cases
of severe jaundice (of non-haemolytic origin) should serve
as an estimation of liver function. In their studies, the
values for the chloroform-soluble fraction were in general
higher in hepatogenous than in obstructive jaundice, presum-

ably because of the more diffuse liver damage present.

ee Bilirubin clearance test

A mild liver injury may not cause hyperbilirubinemia be-
cause the liver cells may still be able to excrete the bil-
irubin, or because there may be a concomltant decrease in
the production of bile pigments (331). Reasoning that if
the functional load is increased, impaired ability of the
liver to excrete a physiological substance should be more
easily demonstrated, Eilbott (345) has devised a bilirubin
clearance test in which the disappearance of injected bil-
irubin from the blood is measured.

In his original paper Eilbott gives a full description
of the behaviour of colloidal dye stuffs injected into the
blood stream, and states the two assumptions on which his
test is based, viz. that only the liver eliminates bilirub-
in and that the length of time bilirubin remains in the
blood depends on the condition of the liver. He found that
in normal animals, bilirubin injected intravenously never
gave a clinically detectable bilirubinemia. He found no

correlation between the height of the blood billirubin before
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the test, and the time required for the clearance of the in-
jected plgment, and felt that the blood billirubin level in
itself was not a good indicator of liver function.

The bllirubin test has been used clinically by many
Investigators and has been found to be a very sensitive test
of impaired hepatic function (1). Many workers (331) (346)
‘(347) have detected with this test slight liver insufficiency
generally unrevealed by other commonly used methods., Liver
function was also shown to be depressed during the last half
of pregnancy (348), and in many cases after arsphenamine
Intoxication (84) (85).

Soffer and Paulson (349) and Kornberg (350) found that
meny persons long recovered from catarrhal jaundice show
residual hepatic damage and an abnormal retention of bilir-
ubin, Similarly, many otherwlse healthy young men were
discovered by the same test to have chronic non-haemolytic
jaundice; Comfort and Hayre (351) confirmed this fact and
found the bilirubin excretion test to be the only one show-
ing abnormality in a group of persons wlth an elevated serum
bilirubin. He has suggested that in these individuals there
might be an inborn deficiency of the hepatic cells.

Weech and colleagues (352) have given the test added
sensitivity by evaluating the rate of removal of injected
bilirubin from the circulation as a "velocity constant
function" which they consider to be a measure of the ex-

cretory function of the liver.



Investigators differ widely concerning the effect of
hyperbilirubinemia upon the usefulness of the test., Eilbott
(345) has claimed that the presence of endogenous bllirubin,
direct or indirect, is of no importance, since the error
introduced would be constant. Soffer (346) and Boyce (1),
on the other hand, feel that the test is useful only if the
bilirubin concentration is less than 1 mg. per 1CO ml, of
blood, since the presence of hyperbilirubinemls indicates
that the llver cannot handle adequately the amount of bile
pigment 1n the blood prilor to the performance of the test,
Weech et al (352) suggest that the test could be used if
the vean den Bergh reaction were indlirect, since in such a
case there would be no evidence of regurgitation of bille
into the blood.

Elton (4) is the only investigator who has criticilsed
unfavourably the sensitivlity and specificity of the bllir-
ubin clearance test. He claims that his data (unpublished)
indicate that, in man, bilirubin injected intravenously 1in
alkaline solvents 1s not only not excreted by the llver, but
also fails to raise the serum bilirubin level proportionately
to the amount 1injected.,

Perhaps the greatest drawbacks in the performance of
this test are the high cost of bilirubin, and during the
last years of the war, its unavallabilitye. Furthermcre, 1%
is difficult to obtain the degree of analytical precision
needed to bring out small differences in blood bilirubin

concentration.
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In preference to the van den Bergh reaction, Eilbott
(345) originally used the Ernst and FBrste method (353)
which involved comparison of the yellow colour of the pig-
ment with a potassium dichromate solution. Weech et al (352)
also prefer such a method, and have increased its sensitive
ity and accuracy by the use of a photoelectric colorimeter
and a selective colour fillter,

Modifications of the diazo method of van den Bergh have
been proposed by Malloy and Evelyn (354), Scott (355), Hunter
(356), Sepulveda and Osterberg (357) (361), and Duccil and
Watson (358).

f+. Biliverdin

Larson and Evans (359) have recently made a study of
varlations in the biliverdin concentration in human serum.
In normal individuals, the level was less than 0,05 mg. per
100 ml. of blood; 1n a series of patients with jaundice the
amount varied from O to 2.2 mg. per 100 ml. of blood. Al=-
though the highest values of biliverdin were usually assoc-
jated with the highest bilirubin concentrations, 1t was
found that the biliverdin content could fluctuate markedly
in a manner quite unrelated to the course of icterus. Bil-
iverdin was present in the blood in every one of twenty-six

cases of carcinomatous obstruction of the common bild duct,

and was never found in haemolytic jaundice.
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ge Urobllinogen

When the bile reaches the intestine, bilirubin under-
goes a reduction by bacteria to urobilinogen, a colourless
compound which in turn 1s oxidized to urobilin, a brownish-
yellow pigment closely related to, if not identical with,
stercobllin, the colour imparting a brownish colour to the
Afaeces. Both urobilinogen and urobilin normally are pres-
ent in the faeces. 1In bile fistula animals urobilin grad-
ually disappears from the excreted bile, reappearing when
whole bile is fed to the animals.,

The amount of urobillnogen formed reflects, in part,
the rate of bile pigmeht metabolism., Miller and co=-workers
(360) have introduced a "haemolytic index" which they define

ass:

Average dally output of fecal urobilinogen (mg.) x 100

Total haemoglobin

By this method they found that from 1l.l to 20.8 mg. of
faecal urobilinogen is normally derived from 100 grams of
circulating haemoglobin in twenty-four hours. Administra-
tion of sulfanilamide in customary therapeutic doses was
found by Watson and Spink (195) usually to cause acceler-
ation of haemoglobln metabolism, characterised by an in-
crease of faecal urobilinogen. Wassermann and his assoc-
iates (362), measuring urobilinogen 1n faeces and urine
after blood transfusions in patients with aplastic anaemias,

determined these levels to be directly proportional to the

length of time of blood storage.
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A considerable part of the urobilinogen is absorbed
through the portal circulation, and returned to the liver.
Some investigators think that it may be used in haemoglobin
production, or reconverted into bilirubin. A part, however,
i1s re-excreted in the bile. Normally only treces of urobil-
inogen reach the kidney. Such is not the case in jaundice,
however. Excesslve haemolysis of red cells leads to in-
creased bllirubin production, and as a result, an increase
in urobilinogen beyond the capacity of the liver to excrete
it, so that it 1s found 1in the urine in Increased amounts.,

In complete blliary obstruction, bile pigment does not
reach the Intestine: therefore no urobilinogen 1s formed and
none 1s found in either stool or urine. The latter, however,
contains bilirubin,

Where the excretory function of the liver is seriously
impaired as a result of hepatic disease involving liver cell
damage, a portion of the urobilinogen which has been reab-
sorbed from the intestine falls to be re-excreted in the
bile. It 1is carried by the blood stream to the kldney, which
apparently possesses no threshold for urobilinogen, and
appears in the urine in amounts roughly proportional to the
extent of the liver cell damage. Mann and Bollman (22)
suggest that the capacity of the liver to excrete urobilin-
ogen 1s very easily disturbed since the compound aprpears 1in
the urine in fevers and in many non-specific infections

which do not appear to involve the liver.
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The distribution of pigments in the various types of

jaundice may be represented schematically:

Urinary Urinary Faecal
Bilirubin Urcbilinogen Urobilinogen
Haemolytlec jaundice none + +++
Hepatitis + +++ +
Obstruction +++ O or + O or +

Steigman and Dyniewicz (363), in a study of urobilinogeﬁ,
polnt out that there are exceptions to the sbove scheme.

Complete absence of urobilinogen from stool and urine
is found only in complete obstruction on a malignant basis,.
In intrahepatic obstruction small quantities may be excreted
intermittently. In some cases of severe toxlc hepatitis,
particularly In those due to arsenical intoxication, and
in cases of obstructive cirrhosis, the urobilinogen in
both urine and faeces may temporarily drop to very low lev-
els, simulating a complete obstruction of neoplastic origin.

The relatively high urobilinurila in some cases of ob-
structive jaundice may reflect, on the one hand, incomplete-
ness of the obstruction and on the other, impaired hepatlc
excretion of urobilinogen returned tc the liver,

Watson (364) (365) has established the twenty-four
hour excretion of urobilinogen in the normal adult to be
0.4 mg. in the urine and 40 to 280 mg. in the stool. Faecal
urobilinogen is lowered by inanition, 1nactivity, or low
grade infection, and increased by considerable fever, de-

pendent on the type and severity of infectlon, pernicious
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anemia, and in instances of leukemia and Hodgkin's disease.
Bodansky and Bodansky (366) draw attention to the fact
that, in exceptional cases, urobilinogen is formed in sites
other than the intestine. Bacterla present in infected
biliary passages can transfer bllirubin into urobilinogen.
Other extra-hepatlic causes of increasedurobilinogen produc-
tion and excretion are infarction (e.g. splenic, pulmonary),
haemorrhagic ovarian cyst, haematoma due to ectopic preg-
nancy, and congestive heart failure with jaundice and ascltes.
Jankelson (367) in one of the most recent studies of
this sub ject, found that 1n the blle of normal humans urob-
ilin, but not urobllinogen, was present. However, urobllin-
ogen was detected in the bile in about half of the cases of
organic liver or biliary tract diseases studled and the
quantity of urobilinogen present seemed to be related in a
general way to the amount of liver damage. Watson, in the
discussion following (367), has proposed using the rate of
removal of injected stercobilin from the blood as a liver
function test. Soon after such an Iinjection the bile was
found to contailn urobilinogen in relatively large amounts,
and the stercobilin disappeared rapidly from the blood.
In cirrhosis very large fractions of the injected materlal
appeared in the urine because of the inability of the liver

to excrete it.

There are three methods commonly used for the determ=-

ination of urobilinogen in the urine and faeces, Of theses,
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both the Wallace and Diamond method and the Sparkman method
must be performed on fresh specimens, since the urotilinogen
1s converted to urobilin on standing. As a result, the coll-
ectlon of twenty-four hour speclmens is obviated. Watson,
the author of the third method, considers a four-day coll-
ection to be the minimum in which to study the average daily
excretion of urobilinogen (368), and other investigators
(369) have found determinations on random samples to be in-
accurate because of the variations in uroblilinogen excretion
through the day. The Sparkman, and Wallace and Diamond
methods are apparently not sensitlve enough to detect small
but significant amounts of urobilinogen in either urine or
faeces (368) (369). In the Watson procedure (370) (371),
urobilin 1is converted back to urobilinogen which 1is concen-
trated by extraction with petroleum ether. In this way the
sensitivity and specificity of the method 1is greatly in-
creased (198).

Bang (381) has made a thorough study of several of the
older methods for the determination of urobilinogen, and

has investigated many of the factors which cause fluctuations

in its excretion.

h. Measurement of bile in urine

The presence of bile in the urine may be detected by
the qualitative methods of Maher (372) and Mueller (373)

or the quantitative method of Singer (374)., The "methylene



80

blue test" has been employed presumably to measure bilirubin
in urine; the test consists of adding methylene blue to
urine dropwise, a positive result being one which requires
more than five drops of dye to convert the green colour
formed originally to blue. Gellis and Stokes (375) found
that the test became positive in patients with preicteric
hepatitis from one to six days before scleral icterus app-
eared, but became negative again before the disappearance
of the jaundlce. The specificity of the test has been
challenged, however; apparently the green colour produced
when methylene blue is added to urine results from the sub-
traction of colour from the visible spectrum by the sub-
stances involved in the test. A positive result may be ob-
tained with any distinctly yellow liquid or urine, by
adding a blue pigment, or by holding a blue glass filter

in front of the test-tube containing the sample (376) (377).

i. Porphyrin metabolism

Porphyrins form a group of pigments which are wildely
distributed throughout the plant and animal kingdoms. Only
porphyrins of Types I and III are known to occur naturally.
The liver is involved in both the metabolism and the ex-
cretion of these compounds, and in cases of hepatic insuff-
iciency the excretion of porphyrins through the bile 1s
reduced.

In a recent symposium, Watson (378) has dlscussed

porphyrin metabolism in a number of pathological conditlons,
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including cirrhosis of the liver, chronic alcoholism, and
haemolytic jaundice. Dobriner, also, has studied urinary
porphyrins in disease (379),

Rosenblum (380) suggests that porphyrinuria, when pres-
ent in pellagra, is probably a manifestation of the coincid-
ent existence of hepatlc dysfunction. Palmer (275) has
found a high incidence of repeated porphyrinuria in workers
who are 1in close contact with TNT, and in whom jaundice

and toxlc necrosis of the liver occasionally develop.

6 Excretlon of Dyes by the Liver a. Phenoltetrachlor-

[}

phthaleln

The parenchymal cells of the liver possess the abllity
to excrete into the blle many dyes which are injected into
the blood stream. One of the early liver function tests
(382) consisted of determining the amount of dye in the
faeces after the intravenous injection of phenoltetrachlor-
phthalein. Because of the inaccuracy and tediousness of
this procedure, Rosenthal investigated, 1instead, the prob-
lem of measuring the rate of disappearance of the dye from
the blood-stream, and found evidence that the curves ob-
tained paralleled the functional impairment of the liver
(383) (384).,

The sensitivity of the modified test was studied in

animals by several investigators. Rosenthal (383) found

that after chloroform poisoning in dogs, the initial
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concentration of dye in the blood was higher, and the dur-
ation of the retentlon was longer, than in normal anirels.
When 12 per cent of the liver tissue was removed from rabb-
its, dye excretion became abnormal; if more tissue was
excised, there was a close correlation between the quantity
of tissue removed and the degree of functional impairment
produced (385),

Lamson et al (163) employed the test in a study of
the toxicity of carbontetrachloride in dogs. Two kinds of
abnormal results were found in the poisoned animals: in
some, there was a high initial concentration of dye, dis-
appearing from the blood rapidly; in others, a normal in-
itial concentration of dye remaining in the blood for a
long period of time, was noted. The second type of result
was more frequently assoclated with severe damage, as shown
by clinical and pathological studies. However, Lamson et
al state that before any of the functional tests employed
indicated injury to the liver, necrosis could be detected.

MacNider (117) (386) applied the phenoltetrachlor-
phthalein test to dogs during acute alcoholic intoxication
and found that the increase in the initial concentration of
the dye, and the delay in removal of the dye from the blood,
ran parallel to the course of the hepatic damage.

Rosenthal and White (387) studied the rate of removal

of several phthalein dyes from the blood of rabbits in which

about 80 per cent of the liver was ligated. It was found
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that phenoltetrachlorphthalein diffused into the tissues,
while sulfonated phthaleins did not. The studies of these
investigators indicated that the best dye for testing the
excretory capacity of the liver was bromsulfalein (phenol-
tetrabromophthalein sodium sulfonate). As a result, this
compound has been widely used for the past twenty years,

and has entirely superseded the older dye for thils purpose.

b. Bromsulfalein

Many workers have found the bromsulfalein test to be
one of the most accurate, sensitive, and practical tests
available for the study of the liver function (388) (389)
(390). Within recent years there has been a critical study
of the normal range of the test, and several modifications
have been proposed., MacDonald (391) (392) found, by follow-
ing the concentration of bromsulfaleln in the blood at two
minute intervals after the injection of 2 mge. of dye per
kilogram of body weight, that all curves which fell to zero
concentration within thirty minutes (this period being
considered the normal value) did not do so by exhibiting a
decreased retention at each time interval. Simllarly, it
was noted that the large ma jority of normal individuals were
able to remove all the dye from the blood within elizhteen
rather than thirty minutes. MacDcnald advocated determining
the concentration of dye in the blood at frequent intervals

in order to detect slight abnormalities of liver function,.



(1)
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Deutsch (393) made a simllar suggestion, and found that a
convex curve of dye concentration within the interval from
five to fifteen minutes indicated liver damage, even when
there was no dye present in the fifteen-minute specimen,
Mateer et al (394) regard twenty minutes as the normal
time for complete disappearance of the dye from the blood
when a dose of 2 mg. of the dye per kilogram body weight
1s glven. The test is much more sensitive, however, if a
large dose (5 mg. per kilogram of body welght) 1s used (394)
(395)s Although it was formerly belleved that the normal
liver required sixty minutes to remove the larger dose of
dye from the blood, more recent studies have indicated that
only thirty (395) to forty-five minutes (394) are required.
The bromsulfalein test was a sensitive indicator of
liver injury in animals poisoned with chloroform (396), phos-
phorus (397), and atabrine (182), and in dogs with experim-
ental hyperthyroidism (256). The test was of less value in

detecting the damage caused by selenium ingestion (218) or

by cholecystectomy (398).

ce. Rose bengal and other dyes

Rose bengal (disodiumtetralodotetrachlorofluorescein)
1s another dye which 1is specifically and rapidly removed
from the blood by the liver; its retention in the blood
stream has been found to correlate closely with the extent

of 1iver cell damage (399) (400) (401) (402) (403). However,
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it i1s removed so rapldly from the blood that the test must
be carefully timed; another great drawback to its uge is
the fact that 1t renders the patient photosensitive for a
time after 1ts injection. Fuchsin-S (404) and azorubin-S
(405) have a2lso been employed in measuring the excretory
capacity of the liver, but none of these dyes has met with

such widespread popularity as has bromsulfalein.

de The role of the R.E. system in dye excretion

Within recent years there has been much investigation
into the mechanism of the removal of bromsulfalein from the
blood. Schellong and Eisler (406) had found that removing
the spleen with 1its large accumulation of R.E. cells, or
blocking the R.E. cells of the liver and other organs by
injections of India ink, caused an abnormal retention of
phenoltetrachlorphthalein and azorubir-S in the blood-
stream. A similar observation was made by Rosenthal and
Lillie (407), who reported, however, that such procedures
did not affect the removal of bromsulfalein from the blood.
Nevertheless, subsequent workers (332) (408) (409) have
shown that the excretion of this dye, too, is delayed after
splenectomy or India ink injectlons. Mills and Dragstedt

(410) found that obstruction of the biliary outflow had

1ittle effect on the removal of the dye from the blood;

even after ligation of both the common bile duct and the

cystic duct, there was no appreciable reduction in the rate

of disappearance of the dye. Excretion of bilirublin however,
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was immedliately prevented by such a brocedure, These ob-
servations all pointed to the R.E., cells as the agents
directly responsible for the removal of bromsulfalein from
the blood. A similar conclusion was reached by Cantarow
and Wirts (411) (412) (413) who found that although the dye
disappeared rapidly from the blood stream, it was excreted
in the bile only slowly; these observers suggested that the
first step, the rapid removal of the dye from the blood,
was a function of the R.E., cells, while the second step was
performed by the parenchymal cells of the liver.

Dragstedt and Mills produced hyperbilirubinemia in dogs
by injection of billirubin (333). Thirty to 180 minutes
later, the excretion of bromsulfalein was delayed, prop-
ortional to the amount of bilirubin given, although presum-
ably the bile pigment had not been taken up by the R.E,
cells. A somewhat simlilar phenomenon was observed by Ros-
enthal and Lillie (407) who found that lipemia, spontaneous
or experimentally produced, resulted in a slightly prolonged
retention of bromsulfalein within the blood-stream, although
there was no indication that the R.E. cells had lngested
appreciable amounts of fat.

It is interesting to note that sevcral years before
American investigators had begun to study the problem of
the relationship between the R.E. system and the removal
of bromsulfalein from the blood, Herlitz (334) (414), and
Schellong and Eisler (406) in Burope had suggested that dye
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excretion tests were not tests of general liver function

but tests of the activity of the R.E. system, and because

the R.E. cells are injured in Infections, the abnormal dye
retention In such conditlons (440) would reflect damage to

the R.E. system, rather than to the liver,

7o Detoxication and Conjugation a, Metabolism and

excretion of bile salts

The role of the liver in bile salt metabolism is a
very complex one., A wealth of experimental evidence has
accumulated from the meny efforts to elucidate the differ-
ent steps in the metabolism of the bile salts, and to det-
ermine the various causes for their appearance in blood and
urine,

That the liver 1s the site of bile salt synthesis was
shown conclusively by Bollman and Mann (415) who demonstrated
that after hepatectomy, no bile salts were found in blood
or urine, although bilirubinemlia developed and blle pigment
was found in the urine. It had previously been demonstrated
by many workers that the extent of bile salt formation was
influenced greatly by the condition of the liver cells. In
animals with complete biliary fistula, the daily excretlon
of bile salts was found to be constant under constant dletary
and physical conditions (416) but the output of bille acids
in these animals could be influenced at will by regulatlion

of the diet. A meat diet caused the highest output of blle

acids (417) while on a carbohydrate diet the output was
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much lower. Foster and colleagues (416) found that urinary
nltrogen and taurocholic acild excretion showed a similarity
in these anlimals, and felt that this indicated a relation-
ship between protein metabolism and taurocholic acid prod=-
uction. It is now believed that the component taurine is
derived in the body from the amino-acid cysteine; studies
with carbon 1sotopes have shown that acetic acid may be ut-
11ized in the biosynthesis of steroids (418).

Slight hepatic injury may greatly reduce the amount of
bile salts formed and excreted. Infection of the intrahep-
atic ducts, or damage by toxins such as chloroform or carbon
tetrachloride, may reduce the bile salt excretion in fistula
bile to less than one-tenth of 1ts former value (21) (22),
Greatest reduction occurs when hepatic iInjury is most severe,
but marked reduction in the bile salt excretion may be ob-
tained with doses of chloroform that do not cause histolog-
1cally recognizable liver injury or clinical reaction (419).
It would appear that the ability of the liver to form bile
salts is easily impaired. Fistula bile from dogs with an

Eck fistula contains only about half the normal amount of

bile acid (19).

In humans undergoing drainage of the common bile duct,

Gray (420) attempted to correlate the concentration of bile

acids in the bile with the liver condition as indicated by

liver function tests and by the appearance of the liver at

operation., The bile acid concentration in the bile was
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low in every case of hepatic damage,

In complete obstruction of the biliary outflow, the
amount of bile salts excreted in the urine is only about
half of that found in normal animals with biliary fistulae,
presumably because of the resultant hepatic damage. Simil-
arly, Greene et al (421) found in humans that biliary ob-
structlion caused reduction or cessation in the bile acid
production., The terminal decrease in urinary bile salts
in continued obstructive jaundice 1s not reached until app-
reclable secondary hepatic injury is demonstrable; the de-
crease 1n urinary bile salts 1s obviously due to their de-
creased formation,

Mann (21) found that the bile salt concentration in
the urine of dogs wiﬁh compléte biliary obstruction was a
fairly accurate index of the condition of the liver. The
greater the excretion of bile salts under these conditions;
the better the state of the liver. Additional injury to
the livers of these dogs diminished the bile salt excretlon.
Morrison and Swalm (422) (423) (424) advocate a study of
the bile salt concentration in bile or urine as a "sensit-

ive physiologic index to the function of the liver 1in

health and disease".

The bile salts, after bel ng synthesized, are excreted

by the liver parenchyma into the bile, and in the normal

animal only traces of bile salts are found in the nrine anc

none is @etectable in the normal blood. Riliary obstructlon
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or injury by hepatotoxins, sufficient to give rise to urin-
ary excretion of bile pigment, 1s usually accompanied by
the excretion of increasing amounts of bile salts in the
blood and urine., Usually the éoncentration of bile acids
in the blood is higher in obstructive jaundice than in
hepatitis, partly owing to the maintained ability of the
liver cells in obstruction to produce bile salts, and part-
ly because of the hepatoblliolymphatic circulation appear-
ing only in obstruction which carries the bile salts from
the liver to the circulating blood (vide infra). As these
eanimals recover, bile plgment may still be present in large
amounts, but the blle salts are excreted iIn the blle and
disappear from the blood and urline. Severe hepatic injury
reduces the amount of bile salts found in the blood and
urine, apparently by reducing the formation of these sub-
stances, Toluylenediamine (151) causes primarily a dis-
turbance of the excretory function of the liver, with ¢ im=-
inished excretion of bilirubin and bile acids in the bile,
But in contrast to the action of other toxins, there 1is
continued formation of bile acids and they appear both

In the blood and urine in increased concentration.

The bile salts which reach the intestine 1in the bile
are not excreted from the body, but are almost entirely
resorbed from the gut, carried to the liver by the portal
blood, and again excreted into the bile. Only a small

fraction of the bile acids 1s lost in each of these turns,
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and a correspondingly small fraction 1s syntheslzed to re-
place the lost part. The fate of the lost bile acids is
obscure; some may be destroyed by the liver and some may be
decomposed by the intestinal flora. Bollman and Mann (415)
found that if bile salts were administered to a hepatectom-
ised animal, they appeared in the urine within a few hours.
If,however, the animal was Instead suffering from obstruction
of the biliary outflow, not all the administered bile salts
were found iIn the urine. These workers felt that the liver
cells destroyed some of the bile salts. Josephson (425),

In his review of the circulation of the bile acids, criticises
this theory and points out that the method used by Bollman
and Mann for measuring urinary bile salts is extremely un-
specific.

Josephson and his co-~workers have made an intensive
study of the metabolism of bile salts by studying thelir
concentration in the blood and urine after oral or intrav-
enous adminisﬁrationo

Normally most of the bile acids are conjugated with
glycine or with taurine. If unconjugated aclds are supplied,
they will be conjugated to & certain degree. In patlents
with liver diseases, the bile may contain larger amounts of
uncon jugated bile acids (426). Whether these free bile
aclds can occur normally is still an open question.

Foster and colleagues (427) gave large amounts of free

cholic acid to bile fistula animals, and found that it was
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conjugated according to the supply of glycine or taurine
available. When these supplles were exhausted, then free
cholate appeared in the bile. Josephson et al (425) obtain-
ed different results after injecting comparatively larger
amounts of chollic acid into cats and rabbits with the gall
bladder ligated and with a cannula in the common bile duct.
During the flrst half-hour after the injection, the bile
salt excretlion was large and nearly all the excreted cholate
was unconjugated. Later on, as the bile salt excretion be-
came less, more of the cholate appeared 1n the conjJugated
form. Similar results were found in humans, and two plaus-
ible explanations have been advanced. First, the enzymatic
nature of the process of blle salt conjugation would prevent
this conjugatlon from being instantaneous. Second, the time
that elapses between an injection of free cholate and the
appearance of conjugated aclds may be the time required for
mobilising or producing glycine or taurine for the conjugation,

Josephson (425) draws attention to the fact that the
coupling of free chollc acid is very similar to the forma-
tion of hippuric acid from glyche and benzoic acid, and that
it is quite concelvable that both these syntheses might be
performed by the same enzymatic apparatus, at least in man,
where the formation of hippurlc acid takes place in the liv-
er (see p. 98),

When bile salts are injected into a normal individual,

they disappear rapidly from the blood (428). Most of the
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bile salts have left the blood within four minutes after the
injection and in thirty minutes the blood concentration is
normal again. After an hour, most of the injected cholate
can be recovered in the bile, partly in the unconjugated
forms Even 1n patients or animals with hepatic cell damage,
a large proportion of the injected bile salts disappears
quickly from the blood (429) (430) and this first rapid dis-
appearance cennot be referred solely to the liver. Joseph-
son (425) excluded from the circulation the liver of an
animal by ligation of the hepatic artery and portal veln,
but found that the concentration of bile salts four milnutes
after iInjection was still only two-thirds of what might
have been expected if the blile salts had been merely diluted
by the blood. He suggests that the bile salts are absorbed
on the walls of the blood vessels and gradually incorporated
into normal circulation. This rapid disappearance of in-
jected bile salts from the blood is normally followed by
an almost quantitative excretion by the liver. In patilents
and animals with bile fistulas, ninety to one hundred per
cent of a moderate amount of injected blle salts 1s recov-
ered in the bile in a few hours after the injection. Sim-
ilar results have been obtained with cholecystectomised
patients.

Josephson et al (425) then found that if an injection
of bile salts was undertaken on an animal with the liver

excluded and having considerable lcterus from a previous
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ligation of the bille duct, the blood concentration of the
bile salts rose enormously, and corresponded roughly to the
simple dilution of the injected solution by the blood of the
animal. These investigators suggested that in icterus, an
adsorption of the iInjected salts on the walls of the blood
vessels does not take place to the same degree as normally,
because the walls of the blood vessels are already loaded
with bile salts. Josephson believes that in obstructive
jaundice, the injected blle salts are absorbed by the liver,
and that very gradually they enter the hepatobliliolymphatic
cilrculation, resulting in a comparatively rapid dlsappearance
of the iInjected bile salts from the blood. In hepatogenous
jaundice, on the other hand, where there is no bile circul-
atlon, the salts remain in the blood for & long time.

In jaundice, whether caused by obstruction or by paren-
chymatous damage of the liver cells, the normal enterohepatic
circulation of bile aclds is more or less completely broken.
In obstructive jaundice, provided there 1s little or no
secondary liver damage, the cells can still produce bille
acids, and contact between the blood and the liver cells and
between the liver cells and the bile capillaries, 1s still
unbroken. However, the slight secretion pressure of the
bile is enough to opn the intercellular spaces between the
parenchymal cells, and a new outflow is opened by which bile
can escape from the bile capillaries, and reach the thoracic

duct and the circulating blood in the lymph spaces and
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vessels of the liver. Thus in obstructive jaundice the norm-
al enterohepatic circulation of bile salts 1is replaced by
the "hepatobliliolymphatic" circulation.

If the icterus 1s caused by hepatic cell damage, there
1s very little or no passage of bile through the parenchymal
cells to the blle capillarles. The contact between the cells
and the blood passing the liver 1s usually better, however.
The inflamed liver has a great difficulty in absorbing bile
salts from the circulation, and these salts remaln for a
long time iIn the circulating blood if injected intravenously
into patients or animals with hepatitis.

When bile salts are injected Intravenously 1nto patients
or animals with obstructive jaundice, their immedlate dis-
appearance is not as rapid as under normal circumstances,
but the subsequent decrease in concentration 1is rapid as
compared with that in hepatitis, because of the continued
capacity of the liver cells to take up acids and keep them
circulating. Thus the behaviour of intravenously injected
cholates 1llustrates the difference in the circulation of
the bile salts in obstructive jaundice and hepatogenous
Jaundice (425),

On the basis of these observations, Josephson (425) (428)
has introduced a cholic acid test, in which sodium cholate
is given and the blood cholates determined before, and five,
thirty, and sixty minutes after the injection, and has app-

lied the test to a large number of cases of liver injury,.
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In 1liver disease without jaundice, the cholates disappeared
just as rapidly as in normal cases. In cases of biliary
obstruction, the increase five minutes after the injection
was usually noticeable, but after thirty minutes the concen-
tration had already fallen to near the original level., When
there was parenchymatous damage, the first increase was
usually of the same order of magnitude as 1n obstruction,
but the subsequent decrease of cholates was very slow, In
phosphorus and carbon tetrachloride poisoning 1n cats and
rabbits, there was usually good agreement betwsen the results
of the microscopic examination of the livers, and the delay
in the decrease of the blood cholates after intravenous in-
jection. Ottenberg (431) has suggested that the cholic acid
test of Josephson may become a valuable diagnostic method.

In general, there 1s very little parallelism between
the level of bile acids in the blood or bile, and the prod-
uction and concentration of other substances such as chol-
esterol and plasma protein, which are manufactured in the
liver (425) (432). Although the blood cholates are seldom
increased and the results of the cholate elimination test
are always normal when the blood bilirubin level is normal,
yet in cases of liver disease the formation and circulatlion
of the bile acids seem to be rather independent of the other
functions of the liver. The complexity of the composition
of the bile salts has led to the development of numerous

methods for their determination, both qualitatively and
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quantitative by. In 1919 Foster and Hooper (433) reviewed
the old methods, and Introduced a new one which measured the
amino nitrogen in taurine after the hydrolysis of taurocholic
acld, which 1s thepredominant bile acid in dog's bile,

Gregory and Pascoe (434) in 1929, introduced a colour
reaction, which subsequent workers have found to be specific
for cholic acid. Slnce human bile contains a relatively
large proportion of desoxycholic acid, the Gregory-Pascoe
reactlion is of little value in this analysis when used by
itself. The phosphovanillin reaction of Chabrol et al (435)
(436) is also a test for cholic scid. Josephson and Junger
(437), and Larrson (438) have greatly increased the specif=-
1city of the Pettenkofer reaction, but this reaction, too,
is useful only for cholic acid and 1ts derivatives, and is
not practical for clinical uss,

Doubilet (439) has studied the most reliable of the
methods, and has conbined them so that they might ke used
in the differential quantitative analysis of bille acids in
bile and duodenal drainage material. His method permits
the analysis of bile for taurocholic, glycocholic, and total
conjugeted acids, cholic, desoxycholic, total bile acids,
and free bile acids. Duodenal drainage material may be an-
alysed for cholic, desoxycholic, and total blle acids.

Josephson (425) suggests that the surface activity of
bile salts may be used as a means of following changes in

their concentration, since the surface tension of the blood
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or serum of an iIndividuvual is very stable if no surface active
substance is added. A blle salt injection causes an obvious
change in the surface ters ion, which returns to the original
level when the salts are elimlnated from the blood. Joseph=-
son points out that although the method glves no idea of

the real blle salt concentration in the blood, this absol-
ute concentration 1is of 1ittle clinlcal interest. The method
proposed by Morrison (423) for studying the concentration of
the blle salts in bile and urine depends similarly upon

measurement of surface tension.

b. Hippuric acid

That the body detoxifles benzoilc acid by conjugating
it with glycine to form hippuric acid, has been known for
many decades. A great deal of confusion existed in the early
literature, however, concerning the site of the formation of
hippuric acid (3) (271) (441) (442) (443). The kidney app-
eared to play an important part in this conjugation but the
evidence implicating the liver as a site was conflicting.
As a result, the synthesis of hippuric acld after ingestion
of benzoic acid was originally used as a kidney function
test. Bryan (443) was probably the first to suggest that
since the amino-acid glycine is synthesized in the liver,
the detoxification of benzoic acid might be reduced in the
presence of a damaged liver. Quilck (444 ) made a study of

the conjugation, and found that much of the early confusion
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arose from the fact that in dogs, benzoic acid is largely
conjugated with glucuronic acld, rather than with glycine.

In man, however, only a small amount of the ingested benzoic
acld 1s excreted as the glucuronlc acid monobenzoate (444)
(445), and within the last few years the "hippuric acid test"
of liver function (446) has been widely used.

Originally, the test was considered merely as a measure
of the capacity of the liver to synthesize glycine. Irres-
pectlive of the dose of benzoic acid given, the maximum amount
of hippuric acid formed per hour was practically constant
(447); when extra glycine was supplied, however, the synthesis
of hippuric acid was usually greatly increased (448). Prob-
stein and Londe (449), on the other hand, have reported that
occaslonally a subnormal synthesis of hippuric acid may be
attributed to a deficiency 1n the conjugatlion mechanism.

Boyce and McFetridge (1) have pointed out that because
the syntheses of glycocholic acid and hippuric acid appesar
to be closely related, and because the synthesis of an amino-
acid such as glycine involves a precursor presumably derived
from carbohydrate metabolism, the hippuric aclid test measures
a physiologic process and imposes no strain upon the lilver.

In general, the hippuric acid test has proved to be a
valuable and sensitive aid in estimating the condition of
the 1liver, (1) (450) (451) (452) (453) (454), and has been
useful in patients receiving arsenicals (76), and in those

about to undergo surgical treatments (389) (455). Although
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some workers have not found the test to be of value in tre
differential diagnosis of jaundice (389), others claim that
if icterus of obstructive origin is of short duration, the
results of the test will be normal (456) (457), Heilig and
Kantiengar (458) found that the hippuric acid test indicated
impairment of liver function during the menstrual period as
compared with that recorded in the iInterval between periods.

Although originally sodium benzoate was administered
orally, both Quick (447) (448) and Lipschutz (459) proposed
a modification in which a smaller dose of the substance was
Injected intravenously. The intravenous test has been found
to be more sensitive than the oral one (455). The establish=-
ment of normal values for the test 1s complicated by the
fact that healthy persons excrete more hippuric acid follow-
ing ingestion of a dose of sodium benzoate than do bed-ridden
subjects with no evidence of liver disease (449) (460), and
that there 1s a correlation between the excretion of hippurilc
acid and the size of the subject (461) (462),

Because the hippuric acid formed in the liver must be
excreted by the kidneys, 1t has been suggested that before
the hippuric acid test is performed, it should be ascertalned
that no kidney damage 1s present (451) (463). However,
Probstein and Londe (449) consider the renal factor important
only in the presence of marked diminution of functlon ass-

oclated with increased amounts of urea in the blood,
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Hippurlc acid may be determined in the urine either by
titration, or by welghing the acid which is precipitated
upon acidification of the urine (446). Saturation of the
urine with sodium chloride (464) or with ammonium sulfate
(461) renders the precipitation more complete. Krause and
Dulkin (465) have emphasized the necessity of adding an
excess of mineral acid to the urine to reduce the solubil=-
ity of hippuric acid. Several workers (451) (463) have rec-
ommended extraction of the compound from the urine with
ether, followed by a formol titration as & more accurate
method than the preclipitation procedure of Quick (446), but
Aldersberg and Minibeck (260) found that the results of the
Quick method agreed within 5 per cent with the results of

more complicated and presumably more accurate procedures.

Ce Glucuronic acid

Many compounds which are metabolised with difficulty by
the body can be detoxiflied by ¢onjugation with glucuronic acild.
Although the site of this process was assumed to be the liver,
this was not proven until 1934 when Hemingway and colleagues
(466) perfused various organs (liver, spleen and tissues of
the hind 1imb) in combination with the kidney, and measured
the excretion of glucuronic acid in the urine. These inves-
tigators concluded that the liver is the main site, and prob-

ably the only site, of the formatlon and conjugation of

glucuronic acid in the body.
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Lipschitz and Bueding (261) (467), a few years later,
studied the conjugation of glucuronic acid with menthol,
borneol, avertln, and phenol, by tissue slices from several
animals., It was found that liver slices produced the acid
in large quantities, that kidney slices formed only a small
amount, and that other tissues produced none. The synthesis
of glucuronic acid by normal liver slices could be signif-
lcantly increased by the addition of sodium lactate or pyruvate
to the medium. Liver slices from gulnea pigs poisoned with
phosphorus showed fatty infiltration and degeneration of
tissue, with no signs of regeneration in the terminal stages.
Addition of lactate to the medium did not cause an increase
in glucuronic acid production, indicating that the mechanism
of its synthesis had been disturbed. On the other hand, in
the terminal stages of chloroform poisoning, although the
liver slices showed fatty infiltration, there were signs of
marked regeneration, and sodium lactate caused increased
production of glucuronic acid equal to that observed with
normal liver slices.

Studies of the enzymatic process of glucuronic acid
production have shown that an oxidation 1s involved; the
synthesis is catalysed by heavy metals, and depressed by
cyanide, iodoacetate, or fluoride lon. Apparently one step
is an esterification of phosphoric acld with organlc material.

Lipschitz and Bueding (467) believe that the compound 1is syn-

thesized from 3- carbon compounds.
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Long before these experiments were performed, workers
had studled the metabolism of glucuronic acid in conditions
of liver disease. In 1916 Roger (468) gave camphor to pat-
ients and determined the glucuronic acid level in the urine,
The fact that no glucuronic acid could be detected in the
urine after a forty-eight hour fast 1ndicated the importance
of the liver glycogen in 1ts synthesis. In cases of cirrhosis,
there was little or no glucuronic acid excretion, even after
camphor ingestion. Obstructive jaundice was characterised
by a temporary increase 1in glucuronuria, apparently caused
by the presence of large asmounts of products of intestinal
putrefaction in the portal blood; as the liver gradually be-
came damaged, the glucuronic acid excretlon decreased.

In spite of the fact that glucuronic acid metabolilsm
is primarily a function of the liver, there 1s today no sat-
isfactory test based on thls physiological fact, nor 1is there
agreement among investigators as to the value of studies of
glucuronic acid excretion in liver disease.

That such studies should be useful was 1indicated not
only by Roger's work but by the results of Boku and Kin
(469), who found that camphor ingestion raised the urinary
level of glucuronic acid in normal humans but not 1n cases
of catarrhal jaundice. It was also observed that in rabblts
poisoned with phosphorus or carbon tetrachloride, there was

a8 marked decrease in the production of camphor glucuronide.
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Nasarijanz (470) used the conjugation of menthol as a
liver function test, and found that the synthesis of menthol
glucuronide was diminished by various diseases of the liver
parenchyma. The greater the amount of hepatic injury, the
less was the amount of menthol glucuronide synthesized.

Acetylsalicylic acid was employed by Salt (471) as a
glucuronogenic drug, but although he suggested 1ts use as
a test of liver function, he did not submlit any results of
actual tests performed on patlents suffering from liver
disease. In normal humans, ingestion of the drug was foll-
owed within twelve hours by a sharp increase in the urilnary
glucuronide. Other workers have not found studies of urln-
ary glucuronic acid to yleld much information in hepatic
damage. Mukerji and Ghose (146) (472) observed that during
the early stages of liver injury in rabbits and dogs, there
is usually a tendency towards an increased excretion of
glucuronide, but later, when the pathologic changes in the
cells are well advanced, there is a definite decrease in
urinary conjugated glucuronic acid. These workers, believ-
ing that glucuronic acid excretion in 1tself held little
promise as a test of liver function, turned thelir attention
to a study of the metabolism of chloral. This compound was
found to break down in the body into trichlorethyl alcohol
which, in turn, is conjugated with glucuronic acid and ex-
creted as urochloralic acid. In dogs with elther acute or

chronic liver damage from carbon tetrachloride, chloral
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hydrate adminlistration produced a well-marked increase in
the level of free chloral in the urine, while in normal dogs,
chloral ingestion resulted in only very slight excretion of
free chloral,

The many methods used by different workers for the det-
ermination of glucuronic acid (471) (473) (474) are all mod-

ifications of Tollen's naphthoresorcinol reaction.

d. Other processes of detoxication

From time to time other tests of the detoxifying func-
tion of the lliver have been proposed. Pelkan and Whipple
(20) have studied phenol conjugation in dogs by determining
the time required for the liver to conjugate a standard dose
of p-cresol. The test was found to be inadequate for meas-
uring the high limits of liver reserve, and in chloroform
polsoning the output of conjugated cresol did not fall below
normal until more than one-third of the llver parenchyma
had been damaged. However, more severe liver damage was
paralleled by increasing impalrment of the liver's ability
to conjugate phenols, and conjugation was prevented in an-
imals by the elimination of the liver. Although the test
is quite specific, p-cresol is too toxic for clinlical use.
Pelkan and Whipple suggest that it might be possible to find
a similar compound more suitable for use in humans. Pres-
umably, in their experiments, p-cresol was conjugated with

glucuronic acid, but the authors determined analytically
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only the phenol component of the conjugate, and did not sugg-
est what the other component might be,

Foster and Kahn (475) have suggested that a study of
the excretion of ethereal sulfates after the ingestion of
thymol might be of value, because of the important role of
the liver In sulfur metabolism,

Studying the conjugation of sulfanilamide by tissue
slices, Harris and Klein (476) found that the reaction was
effected by llver slices, but not by muscle, spleen, kidney,
or blood. The conjugate was shown to be acetyl sulfanilamide.
The acetylation of sulfonamide in the liver was further stud-
ied by Carryer and Swanson (477), who reasoned that since in
humans the drug 1s excreted in the urine in a state of partlial
acetylation, the functional state of the liver might be re-
flected by variatlions in the percentage of acetylated drug.
Normal individuals were found to conjugate 40 to €0 per cent,
and patients with hepatic disease 20 to 60 per cent of the
dose of sulfanilamide given. The data did not correlate
with the severity of liver disease as indicated by several
other liver function tests (bromsulfalein excretion, prothrom=-
bin time, and the hippuric acid test) and the authors con-
cluded that the extent of acetylation of sulanilamide was
of no value as an indication of liver functlon.

Cholesterol is continually synthesized and broken down
in the body; recently Bloch et al (418) demonstrated its

formation in surviving rat liver slices by adding either
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heavy water or acetic acld contalning isotopic cerbon to the
buffer fluld. The esterification of chclesterol also takes
place in the liver; normally, about 70 per cent of the chol-
esterol 1n the blood 1s esterified. In obstructive jaundice
the total cholesterol (free and esterified) 1is usually elev-
ated, because it cannot be excreted in the bile. A normal
ester ratio, however, is maintained in the absence of severe
hepatlc damage. A fall 1n the percentage of esters to less
than 50 per cent of the total cholesterol is strongly ind-
icative of damage to the liver (532). The ester ratio is
seldom depressed until the results of other function tests
are abnormal however (119) (347) (388). Rimmerman et al
(317) found an increase in the ester percentage in cirrhotics
receiving a diet high in carbohydrate, protein, choline, and
the vitamin B complex. Although Upham and Chaikin (713)
found the total blood cholesterol and the ester ratio of
value In the differential diagnosis of jaundlce, White et

al (389) report that the cholesterol ester ratio is of value
only in the prognosis of acute liver disease,

That the liver plays an important part in the lnactliv-
ation of steroid hormones has been shown by several workers,
Liver damage in rats from carbon tetrachloride (478) (479)
or from cirrhosis-producing diets (480) increased the activ-
ity of endogenous or exogenous oestrogens. Even a diet
deficient in the vitamin B complex (481) (482) (483) caused

sufficient liver injury to reduce markedly the inactivation
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of oestrogens; androgens were little affected by such hepatic
damage, however (484)., Selye (485) utilized the anaesthetic
action of certaln steroids to show that these compounds had

a much more pronounced activity in partially hepatectomised
animals. The mechanism of the detoxification remains to be

elucidated.

8 Nltrogen Metabolism a., Amino-acids, uric acid, and urea

The liver plays an important part in the metabolism of
nitrogen-containing compounds. The deamlnation of amlno-
acids, the formation of urea from ammonia, and the conversion
of uric acid to allantoin which takes place in all mammals
except man and the higher apes, are known to be performed by
the liver. Severe chloroform poisoning in the dog (21) (490)
always causes an lncrease in the total nitrogen excreted; the
blood and urinary amino-acid-nitrogen rises, and the blood
and urinary nitrogen falls. There is a conspicuous lncrease
in the excretion of uric acid, which may reach nearly five
times the normal level. Apparently the mechanism of uric
acid destruction is disturbed rather easily (486); the urea-
forming capacity is lost only in extremely severe liver In-
Jury (487).

Most workers have found that liver injury caused little
impairment in the ability of the liver to deaminate amino-
acids. In humans with liver disease and in dogs poisoned

with chloroform and phosphorus, the urinary and plasma
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amino-nitrogen values remained within the normal range (488)
(489). Witts (487) states that there is no evidence that
the amino-acid content of the blood or urine is increased
in liver diseases other than acute yellow atrophy. Polson
(286) has used a glycine tolerance test in a study of exper=-
imental shale oil necrosis of the liver in rabbits., Prog-
ressive lilver-cell damage was paralleled by progressive im-
palrment of glycine tolerance in the consecutive daily tests.
Such favourable results were not obtained in humans, however.
Although there was a marked 1lncrease in amino-acid excretion
following glycine ingestion, this 1lncrease was no greater
in patients with hepatic disease than in normal persons, nor
were there any significant differences in the plasma amino-
nitrogen or urea concentration which might be of diagnostic
value (487) (488). Lyttle et al (491) administered casein
hydrolysate intravenously in ten per cent solution, and
found that seldom was there a delayed removal of the amino-
acids from the blood in liver diseases other than cirrhosis,
Recent workers, however, have drawn attention specific-
aly to the amino-acid tyrosine. A clue to its metabolism
was provided by the clinical observation that tyrosine crystals
are found in the urine in only two types of disease. 1In cases
of rapidly degenerating tumors and extensive skin leslons,
the amino-acid apparently comes from the tissues in amounts
too large to be completely utilized or catabolised in the

body. The fact that the crystals were found 1n the urine
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in cases of liver dlsease indicated the importance of the
liver in the metabolism of tyrosine (492),

Attention was then turned to the occurrence of free
tyrosine in the blood (493) (494). In normal fasting indiv-
iduals the amlno-acid was found only in traces or not at all,
depending largely on the sensitivity of the analytical method
used. Tyrosinemia was demonstrated in 80 per cent of cases
of liver disease; 1t was found more frequently in cases of
diffuse liver damage than 1n focal iInjury to the liver.

The development of a tyrosine tolerance test followed
quickly upon these observations. Jankelson and colleagues
(492) had found that in normal dogs, large amounts of tyros-
ine injected intravenously disappeared from the blood fil=-
trate within half an hour. The test was applied to humans
by Bernhart and Schneilder (495). Blood tyrosine was deter-
mined by a modified Millon reaction; the reaction is not
specific for tyrosine, but for the characteristic phenolic
hydroxyl group of tyrosine. The term "tyrosyl" was introd-
uced to refer to tyrosine and closely related metabolilce
products which give the test. The normal fasting level
was found to be from 1.0 to 1.8 mg. "tyrosyl" per 100 ml.
of blood. In some instances of severe hepatic Ilnjury this
level was significantly elevated beyond the upper normal
1imit. The new test appeared to be more sensitive than the
bromsulfalein and other common tests of liver functlion,

but no further work on the test has been reported.
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- Loeper et al (496) suggest that in cirrhosis of the
liver there 1s a greater prognostic value in tyraminemisa
than in tyrosinemia; tyramine, produced in the intestire,
is normally deamlnated, oxidised, or conjugated in the liver.
Felix and Teske (497) have proposed a liver function test
based on the followlng reactiocns:

d=tyrosine lﬁﬁszé? p-hydroxyphenylpyruvic acid llXEZ)

kidney
acetoacetlc acid + carbon dioxide.
The test necessltates malntaining the patient on a standard
diet for six or seven days; on the third dey two grams of
p=hydroxyphenylpyruvic acid 1s given and its concentration

in the urine measured by the Millon reaction,

b. Plasma proteins

The wealth of conflicting evidence concerning the source
of the plasma proteins has been reviewed recently by Madden
and Whipple (498) (499), who have concluded that the liver
plays an important part in their formetion. Although there
1s little agreement at present as to whether the plasma
contains more than one completely independent proteln frac-
tion, yet for clinical purposes, the plasma proteins are
conveniently represented as a mixture of albumin, globulin,
and fibrinogen. The three plasma proteins have been charac-
terized through differences in thelr solubllities, Albumin
is soluble in water but is precipitated by saturation of

the solution with ammonium sulfate. Globulin may be salted
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out from solution by half-saturation with ammonium sulfate;
fibrinogen although resembling globulin, differ:c in being
insoluble in a 0,75 molar solution of sodium sulfate, and
in a half-saturated solution of sodium chloride. The glob-
ulin fraction may, in turn, be divided into two fractions,
euglobulin and pseudoglobulin, the former being insoluble
in 1.0 molar sodium sulfate solution. Prothrombin, a glob-
ulin, has been the subject of much study since the discovery
of vitamin K, and a separate section will be devoted to a
discussion of prothrombin and the other factors concerned
in the coagulation of the blood (see p.l24),

The llver appears to be the source of the plasma album-
in, and much of the globulin (498). Under certain circum-
stances, however, almost any tissue may contribute to the
globulin fraction. Partlasl hepatectomy in rats caused a
depression of the plasma proteins within twenty-four hours;
the albumin fraction remained low for a period of four
weeks. Total hepatectomy in dogs (500) resulted in a small
loss or dilution of the total protein, with a similar change
of albumin content, a marked loss of fibrinogen and euglob-
ulin, and an increase in the plasma pseudoglcbulin content.
For periods up to thirty hours after removal of the liver,
there was little evidence of loss or addition of proteln
to the plasma. There was apparently no regeneration of
plasma proteins after plasmapheresis in hepatectomised animals,

In the immature rat, carbon tetrachloride hepatitis
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caused a lowering of the plasma proteins, almost entirely

" at the expense of albumin (501). Whereas pregnancy in rats
resulted in lowered globulin, hepatitis induced durirg
pregnancy was the cause of a low level of albumin and a
high globulin level post-partum (502),.

The experlimental evidence indicates, therefore, that
the albumin level 1is much more closely related to the cond-
ition of the lliver than 1s the globulin concentration. 1In
humans, the average normal value for the plasma albumin is
4,5 per cent, and for globulin 2.8 per cent; the normal
ratio of these two proteins in the plasma 1s 1.5 to 1.

When the albumin concentration is lowered in liver disease,
the ratio 1s frequently inverted, and much emphasis has
been placed upon the "A-G ratio" as a diagnostic aid.

The plasma protein level 1s closely dependent upon
the nutritional status of the body (498), however, as well
as on the condition of the liver. Food protein cures the
hypoproteinemia and oedema of malnutrition, provided neither
infection nor liver disease 1is present. Beef serum and
liver proteins are particularly effective in the regenera-
tion of plasma proteins.

On the other hand, a fasting dog may be kept In nit-
rogen equilibrium and even in welght equilibrivm for many
days, if plasma protein 1is gilven intravenously., There 1s
no change in the "A-C ratio"; apparently the body uses both

albumin and globulin at about the same rate to carry on its
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normal internal protein metabolism. Therefore changes in
the A3G ratio should be due more frequently to variations

1n production rather than to lack of use of the normal glob-
ulins.

A reversal of the A:G ratio has been observed on a
basal diet contalning only a small amount of vegetable prot-
ein (503). A liver diet raised the production and output
of albumln, and brought the ratlio back to normal.

The evidence for the presence of a reserve store of
protein in the liver is overwhelming. 1In the dog, the quan-
tity of materials avallable is at least sufficient to replace
40 to 60 per cent of the circulating mass of plasma protein
originally present., It appears that the plasma proteins
are part of a balanced system of body proteins, and that
there is a steady state or "ebb and flow" between them and
a portion of the cell and tissue body proteins (498).

There has been much clinical evidence polinting to the
liver as a source of the plasma proteins. Hypoalbuminemia
resulting in a diminution or inversion of the A:G ratio has
been found 1n almost every case of chronic advanced liver
disease (388) (504) (505) and occasionally in cases of acute
liver disease (506). Neither the level of the serum prot-
eins nor the A:G ratio, however, has met with general favour
&s an indicator of liver function because of the severe path-

ological changes required to alter the normal levels as

measured by chemical fractionation.
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Stacey (505) in a study of cirrhosis of the liver in
the people of Iraq, found that the serum euglobulin was
well above normal in all the cirrhotics studied. This in-
vestigator has suggested that the serum euglobulin and the
euglobulin-albumin ratio may be a more sensitive index of
abnormal protein formation in cirrhosis then the total glob-
ulin or the A:G ratilo.

Within recent years several workers (507) (508) have
undertaken studies of the serum proteins by means of elec=-
trophoretic analysis, in the hope of achieving a less artif-
icial separation of the proteins than theatresulting from the
usual methods of fractlonal precipitation. It was found
that the electrophoretic process separated from albumin
certain globulin components which are present in the chem-
ically-precipitated albumin fraction, with the result that
lowered albumin and higher globulin fractions, and a lower

A:G ratio, were obtained.

The globulin component is subdivided by electrophoresis
into several components, designated as alpha, beta, gamma,
and phi globulins. In many cases of liver disease, electro-
phoresis has shown both quantitative and qualitative changes
in the serum proteins, when the results of chemical frac-
tionation have been normal. The quantitative differences
were reflected in a decreased albumin and a decreased A:G
ratio, very frequently found in acute parenchymatous damage

in which the proteins, as determined by chemical methods,
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were usually normal, The qualitative changes in the globul-
in fraction are of special interest. Gray and Barron (508)
found the most characteristic change in liver disesse in
humens to be a large increase in the alpha globulin; signif-
icant alterations in the beta-globulin fraction were also
noted. The changes were greater and more frequent in cirr-
hosis than in acute parenchymatous disease. Zeldis and
Alling (507) report that in dogs with acute and chronic
cholangitis, the serum albumin was low, and the beta-
globulin level was abnormally high, when determined by
electrophorectlic analysis.

The electrophoretic studies are of interest not only
because of the greater sensitivity of the electrophoretic
method in detecting changes in the protein components, but
also because of the contributions which have been made in
determining the mechanism of the flocculation of colloidal

gold and cephalin-cholesterol emulsions (vide infrsa).

¢, Flocculation tests i. Takata-Ara test

The condition of the liver has been studied by the use
of several flocculation tests, the results of which appear
to be related to qualitative or quantitative differences
in the serum proteins. One of the oldest of these 1s the
Takata=-Ara test, in which varying dilutions of serum are
treated with measured volumes of sodium carbonate and mer-

curic chloride solution, and the degree of precipitation
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observed. Although 1t was hoped at first that the test
-would serve to differentiate between cirrhosis of the liver
and other liver diseases (509), many workers have found the
results of the test to be positive in almost any chronic
severe liver dlsease, 1n some cases of acute hepatocellular
damage, end in malignarcy involving the liver (388) (390)
(494) (504) (510) (511) (512) (513),

Various attempts have been made to elucidate the mech-
anism of the flocculation reaction. Magath (390) found
some degree of correlation between the result s of the test
and changes in the A:G ratio, but Horejsi (514) did not
find any such definite relationship. Bowman and Bray (512)
report that the test gave positive results when the total
protein or the A:G ratio was low, while Kirk (513) states
that flocculation may be obtained in any disease in which
the globulin level is elevated,

Horejsi (514) found that the reaction could be chanced
by the addition of albumin, and by small quantities of
cysteine., This amino-acld not only prevented flocculatilon,
but the floccules already formed were easily dissolved when
cysteine was added to the solution. On the basis of these

results, Horejsi has proposed a theory to explain the mech-

anism of the reaction.

i1, Cephalin-cholesterol flocculation test
In 1938 Hanger (515) reported that scra from ncrmal

and from diseased persons differed in their power to
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flocculate a cephalin-cholesterol emulsion. The emulsion
was seldom flocculated by normal sera or by sera from pat=-
ients without hepatic disease, but was usually flocculated
by sera from patients with liver damege. In catarrhal
jaundice, the degree of flocculation(graded from one - to
four - plus) was found to parallel the severity of active
liver disease. These observations were soon confirmed by
a number of workers (516) (517) (518) (519) (520) (521)
(522)s The evidence concerning flocculation in cases of
obstructive jaundice or focal lesions of the liver is con-
flicting, but, as Rosenberg (516) has pointed out, floccul-
ation in these cases will depend largely on the amount of
parenchymatous damage present.

The test appears to be an index of the degree of dis-
turbance of the liver parenchyma, rather than a test of
hepatic function (523). Many investigators (524) have found
it to be a more sensitive index of hepatic disease than many
of the functional studies. While Hanger (515) reported
that the results of the test did not run parallel to changes
in the blood bilirubin, cholesterol, phosphatese, or Takata=
Ara test, Lawson and Engelhart (518) found thet in most of

their cases, the results of the cephalin-cholesterol and

the Takata-Ara tests agreed. Furthermore, Pohle and Stewart

(517) claim that flocculation is usually accompanled by a

lowered prothrombin level and decreased formation and ex-

cretion of hippuric acid.
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The problem of the "false positives" in normal controls
has caused much confusion. Whereas Pohle and Stewart (517)
encountered none 1in nearly three hundred healthy Individuals,
Lawson and Engelhart (518) found one-plus reactions in four-

teen per cent of their normal controls, and Lippman and
Bakst (519) consider all one- and two-plus reactions doubt-
ful., The occurrence of false positive reactions hacs been
frequently attributed to the use of "unripened" or "unoxid-
ized" cephalin (518) (522) (524) (525).

The mechanism of the flocculation reaction is not en-
tirely clear. Hanger (523) originally suggested that the
presence of liver damage might alter the globulin components
of the plasma in such a way that they attach themselves to
the collolidal elements of the emulsion, with the result that
there 1s a change in the surface potential of the colloidal
particles, leading to flocculation. Rccontly Kebat, Hanger,
and colleagues (526) have separated gamma-globulins from
normal and pathological human sera by electrophoresis; these
proteins showed marked activity in flocculating colloildal
gold (see p., 120) and cephalin-cholesterol emulsions. Add-
ition of electrophoretically separated albumin to the gamma-
globulin inhibited the colloidal sold reaction, but did not
significantly 1nhibit cephalin-cholesterol flocculatlon.,

Mirski and von Brecht (527) have drawn attention to
an anomaly discovered in their studies of Brliger's "fractional"

cephalin-cholesterol flocculation test (521), Whereas with
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0.2 ml, of undiluted normal blood serum a negative reaction
occurred 1n'near1y every instance, a positive reaction was
noted when O.,1 ml, or less of saline-diluted serum was em-
ployed. Flocculation was almost invariably noted with greater
dilutions of serum. It 1s clear from all these results that
further work is needed to explain the mechanism of the flocc-

ulatlion of cephalin-cholesterol emulsions by normal and

pathological sera.

111, Colloidal gold test

That the colloidal gold test frequently ylelds positive
results in liver damage was shown by Gray (528) (532) in
1939, when he obtained positive results in 89 out of ©6 cases
of hepatic disease, and negative results in 73 out of 75
patients with various extrahepatic diseases.

Noth and Loew (529) found the colloidal-gold test in
liver disease to be less specific and less sensitive than
did Gray, but MacLagan (530) (531), modifying the technique
by the introduction of a buffer solution, reported that the
test was a valueble indicator of liver damage, and of use

in the differential diagnosis of jaundice.

No relationship has been found between the results of

the test and quantitative changes in the serum globulin

level or albumin-globulin ratio. Gray (528) believed the

euglobulin content of the blood serum to be the determining

factor in the precipitation of colloidal gold, and the serum



121

albumin a protective agent against precipitation. The work

of Kabat et al (see p. 119) lends weight to these assumptions.

de Prothrombin and other factors involved in blood coagulation
1. Nature of the coagulation processg

The mechanlsm of blood coagulation has not yet been en-
tirely elucidated, even after half a century of research.
It i1s clear, however, that at least four constituents of
normal blood are required for clotting. For the purpose of
our discussion we may represent their relationship by the

followlng classical scheme:
++

Prothrombin Ithromvoplastin + Ca _ 4y .omhin

Fibrinogen (sol) thrombiqb_ fibrin (gel)

It 1s now suspected by certain authorities that a thrombo-
plastin activator is also necessary in the first stage of
thls mechanism,

Normally, thromboplastin is confined to the blood
platelets and tissue fluids, and is liberated when the
platelets and tissue cells disintegrate. Macfarlane (533)
and others claim that the platelets are a relatively unim-

portant source of thromboplastin, but rather act as nuclei

for the formation of fibrin. Studies on thromboplastin (534)

(535) (536) have led to the isolation of a water-soluble

lipoprotein which shows thromboplastic activity in quantitiles

as small as 0,008 gamma of protein. The phospholipids of

the prosthetic group are "an exdeedingly complex mixture".
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Both protein and phosphatide components are necessary for
maximal thromboplastic activity. Heparin displaces the
1lipid constituent of the protein to form a heparin-protein
complex with marked anticoagulant properties. Alcohol or
ether extracts of tissues contaln thromboplastic lipids
which are associated with the crude cephalin fraction; the
most active preparations are soluble in alcohol and are not
identifiable with any of the known phosphatides (537) (538).

Prothrombin and fibrinogen are proteins which have been
prepared in an almost pure state (539) (540), and have been
made avalilable commercially in practically pure form by
Cohn's laboratory at Harvard. Quick (541) has recently pub-
lished evidence which indicates that prothrombin is composed
of calcium ions, and two separable components designated as
A and B, differing in their lability towards oxldation, and
in their ease of adsorption on aluminium hydroxlide. Appar-
ently dicumarol poisoning (see p. 144) results in the dis-
appearance of the B component from the plasma.

Whereas Quick considers calcium ion to be an essential
part of the thromboplastin molecule, Loomis and Seegers (542)
believe it to be merely a catalyst in Reaction I above.
These workers, and Richards and Johnson (543), have substit-
uted strontium chloride for calcium chloride, and have found

the reaction rate to be much slower, and the optimum molar

concentration much higher, when strontium 18 used.
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Prothrombin and thrombin are non-dlalysable, carbohydrate-
containing proteins, Solubllity curves of purified thrombin
indicate the presence of two active components with different
solubilities. Chargaff (544) says that the best evidence
supports the assumptlon of an enzymatic effect for thrombin.
Chargaff (544) and Brinkhous (545) have reviewed the present
knowledge concerning the nature of the coagulation factors
and thelr roles in the clotting of blood,

Several other substances have activating or coagulating
properties, Trypsin clots blood in the presence of oxalates
which remove the calcium ions. Tagnon et al (546) (547) have
prepared from chloroform-treated human plasma a proteolytic
enzyme which, like trypsin, can change prothrombin into
thrombin in the absence of calcium or thromboplastin, and
have expressed the belief that this enzyme plays a primary
role in normal HWood coagulation.

Venoms have a thromboplastin-like action. Papaln and
some venoms are sble to clot fibrinogen. Certaln organic
compounds such as chloramine-T, alloxan, and ninhydrin, can
coagulate blood in the absence of calcium or *thromboplastin.

Ferguson (548) has recently proposed & new thecry of
blood clotting, in which he postulates that a colloidal dis-
turbance causes activation of blood tryptase. Thls enzyme,
optimally in conjunction with ionized calcinm and free
phospholipid, converts prothrombin into thrombin. Iacfarlane
(549) has suggested that the tissues contain a venom-like
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enzyme and a lipoid factor, which together constitute "thrcrm-
boplastin", However, since these theories were put forth,
Chargaff has prepared from lung tissue the thromboplastic
proteln previously mentioned. Highly purified, extremely
potent preparatlons of this protein showed no proteolytic
activity.

Because of the advances which have been made in rurif-
ying the various components of the clotting process, great
strides should be made within the next few years in solving

the problem of blood coagulation,

11, Prothrombin, the liver and vitamin K

The bleeding tendency associated with many cases of
jaundice and other liver diseases puzzled investigators for
many years. The question was of great practical importance,
and most workers concentrated their efforts on studying
variations in the calecium (550) and fibrinogen levels of the
blood, without much success. Judd et al (551) reviewed in
1935 the experimental data concerning the part played by
these substances in the coagulation defect. As the authors
state, the tendency to bleed variles in general with the dur-
ation and the degree of jaundice, and can occur :n hepatic
disease in the absence of clinical jaundice, beinc assoclated
most frequently with severe damege to the liver parenchyma.
r attention

About this time several workers turned thei

to prothrombin which, unlike the other coagulation fectors,
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lacked an accurate method for its quantitative estimation.
Procedures were worked out which were of necessity presumptive,
because of the difficulty 1n separating prothrombin from the
plasma; they are based on the assumption that the cosgula=-
tion time 1In the presence of excess thromboplastin and an
adequate amount of calcium 1s proportional to the prothrom-
bin concentration. The 1inadequacies of this assumption have
been discussed by Macfarlane (549).

Studies of the prothrombin concentration in the blood
led to the Important discovery that tl.e bleeding tendency
found in liver disease is caused by a low level of prothrom-
bin. Warner et al (552) produced liver damage in dogs by
administering chloroform, and reported that in twenty to
thirty hours after chloroform poisoning the plasma rroth-
rombin had fallen to less than five per cent of normal;
recovery was complete within one week. The fall in fibrin-
ogen was less extreme. Phosphorus poisoning, resvlting in
more severe liver damage, caused an equally great fall in
prothrombin before death (553). The same workers (554)
sub jected rats to partial hepatectomy; the rlasra prothrom-

bin decreased markedly, gradually returning to normal durin:

the period required for restoration of the liver to 1ts

normal weight. Postoperative fibrinogen values wer+~ found

to be normal or high. Total hepatectony resultecd 1n a

rapid fall in the plasma prothrombin concentratior, acccr-=

panied by a decline in fibrinogen (555). These workers
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failled to produce a prothrombin deficiency in dogs throuch
haemorrhage, plasmapheresls, laparotomy, or three hours of
ether anaesthesia,

Lord, however, showed that massage of the liver for 25
minutes resulted in a profound decrease in plasma prothrom-
bin, with a slow recovery lasting for six days (556),

About 1937 1t was shown by many workers that vitamin K
1s necessary for the formation of prothrombin in the liver,
and conversely, that the liver 1s necessary for the action
of vitamin K in promoting prothrombin formation (557). The
liver plays a further role in forming bile salts, which are
necessary for the absorption of fat and fat-soluble vitamins,
including vitamin K (679).

Flynn and Warner (558) produced a bleeding tendency in
rats by a combination of dietary regulation and bile duct
ligation, and cured the condition by the administration of
vitamin K. On a diet containing 20% mineral oil, which is
non-assimilable and carries fat-soluble vitamins with it
into the faeces, rats developed a prothrombin deficiency
within five weeks, corrected either by administration of
large amounts of the vitamin, or by a return of tre animals
to the control diet (559).

Lockhart et al (560) apparently caused an unexpected
avitaminosis K by feeding rats a synthotic dlet contalning

a large amount of dihydroxystearic acid; within a month the

animals developed haemorrhages which could not be cured with,
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or prevented by, administration of the vitamin, The sub ject
of experlmental hypoprothrombinemia has been reviewed by
Rhoads (561) and by Andrus (562).

Cliniclans, too, reported lowering of plasma prothrom-
bin levels in various pathological conditions, and administ-
ered vitamin K in the hope of raising these levels. It
rapidly became obvious that while such treatment was of
great benefit 1n cases such as obstructive jsundice or
biliary fistula, where absence of blle from the intestine
prevented the absorption of the fat-soluble vitamins, yet in
many conditions such as cirrhosis, the low prothrombin con-
centration was a consequence primarily of defective hepatic
function, and not of vitamin K deficiency. By studying
the prothrombin levels before and after the administration
of vitamin K and bile salts or, later, one of the water-
soluble compounds having vitamin K activity, valuable In-
formation has been obtained concerning the condition of the
liver (187) (563) (564) (565( (566) (567) (568) (569) (570)
(571) (572) (641) (642) (680) (681). Pohle and Stewart
(567) were among the first to suggest that in the absence
of obstruction, external biliary fistula, vomiting, diarriea,

starvation, or abnormal intestinal absorptive surface, the

plasma prothrombin concentration chould serve as & measure

of 1iver function. Numerous papers appeared in the liter=

ature, some favouring the use of the prothrombin level as a

test of liver function (647) (680), others condemning 1t
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(s66) (575) (576) (577)e Wilson (573) (574) found a correl-
ation between the plasma prothrombin concentration as meas-
ured by the two-stage method, and the hippuric acid excretion,
but no such correlation was found between these tests and the
other llver function tests performed on the same patients,
Other workers (575) (576) (577), using one-stage methods,
found no correlation between prothrombin levels and hippuric
acld excretion, or the pathological condition of the liver,
Grueber and Dyckerhoff (572) report that they obtained no
relation between the Takata-Ara reaction and the prothrombin
level,

Sweet and colleagues (578) report a better correlation
between the prothrombin concentration and the histological
appearance of the liver, than between the prothrombin con-
centration and the results of the hippuric acid test. Delor
and Reinhart (579) have found that as liver function is
diminished, the prothrombin, bilirubin, and total cholester-
0l levels of the blood, and the results of the hippuric
acid and bromsulfalein tests, roughly paralleled each other.
Andrus and Lord (565) and Brinkhous (545) have reviewed the
pPhysiology of the plasma prothrombin and its relation to
liver function.

Morlock and Hall (580) have suggested that factors other
than the concentration of prothrombin may be of significence
iIn explaining the abnormalities in blood coagulation in

severe liver damage; they found a definite decrease in
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platelets 1in one-sixth of eighty cases of cirrhosis.

Honorato and Acosta (588) prepared thrombin from the
plasma of cirrhotics and found it to be of maximum potency,
so that the actual prothrombin concentration appeared to be
normal; these workers suggest that the apparent decrease in
prothrombln was actually due to an excess of anticoagulants,

Apparently a nutritional deficiency of vitamin K is a
rather rare occurrence, for very few cases have been report-
ed in the literature (581) (582) (583). Javert and Macri
(584) observed, however, a lowering of the prothrombin con-
centration in two-thirds of their patients taking mineral
oll daily, and in one-=third of those taking it intermittently,
Murphy and Clark (585) have reported a case of apparent
idiopathic hypoprothrombinemia., Although the liver was app-
arently normal, administration of K was without effect in
ralsing the prothrombin.

In haemophilia, aplastic anaemia, and thrombocytopoenic
purpura, the prothrombin concentration is not reduced (570)
(686) but leukaemia and burns are associated with low pro-
thrombin and a poor response to vitamin K, iIndicating con=-
comitant liver damage (597). Reduced plasma prothrombin
levels are found in many other diseases, such as pneumonia,
active tuberculosis, relapses in pernicious anaemia, chronic
debility, chronic ulcerative colitis, and many other infec-
tions (589) (688) (689). A reduction of plasma prothrombin

has been reported following administration of sulfonamides
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(187) (188), and arsenicals (590), Barnes (591) found a
temporary decrease in plasma prothrombin in rabbits whose
bodies had been subjJected to large doses of X-rays.,

Ansesthesla in animals has not been found to cause a
lowered prothrombin concentration, even when chloroform was
used, provided no surgical procedures were undertaken (592)
(593)¢ In humans, neither ether nor cyclopropane anaesthesia
affected the prothrombin level, al though chlaroform caused
a fall in prothrombin (594). On tﬂe whole, it seems therefore
that the lowered level of prothrombin following operation on
the liver or billiary tract 1s a result of other factors, such
as trauma to the liver, and blood loss at operstion; that
the normal liver functlon is depressed may be inferred from
Quick's observation that the response to vitamin K is markedly
reduced after operation (595). Reid (568) points out that
the restricted post-operative diet may be deficlent in vit-
amin K.

It is interesting to note that Shapiro and colleagues
(596) found the level of prothrombin to increase, about six
to ten days after operation, concomitant with the occurrence
of thrombocytosis and thrombo-embolisatlion in these patients.
Stewart (187) has reported thrombosis in two patients with a
prothrombin concentration of more than 110 per cent of the
normal level,

Only recently have workers succeeded 1n producing a

state of hyperprothrombinemia by the administration of vitamiyn
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K and bile salts, Neither Rhoads et al (561) nor Stewart
(187) were able to cause such a condition in humans. Field
and colleagues (597), however, have found increased »rothrom-
bin levels, above the pre-test normal values, in dogs, rabb-
its, and rats, after single oral doses of vitamin K.

Field et al (598) have induced hyperprothrombinemia in
animals by giving the methylxanthines caffein, theobromine,
or theophylline. In the dog the effect lasted from four to
five days and counteracted the action of dicumarol. The
drugs reduced the hepatotoxic activity of chloroform as re-
flected by changes in prothrombin, and the investigators
have suggested that there is produced a functional stimula=-
tion of the hepatic tlissue., Choline and methionine were in-
active, indicating that the methyl groups were not responsible
for this effect; other purines, pyrimidines, and related com-
pounds were also without activity.

Numerous studies of the prothrombin level in infants
have led to the conclusion that the concentretion of pro-
thrombin in the blood falls to its lowest level on the sec-
ond to the fifth days of life (599) (600) (601) (602) (603)
(604) (605), gradually returning to normal at the end of a
week or ten days. Administration of vitamin K to the bables
(601) (602) (603) will cause an increase in prothrombin to
the normal level. If given early enough, even 1f admlnistered
to the mother prior to or during delivery (602) (606) (607),

the vitamin will prevent the customary fall in prothrombin,
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Increases in prothrombin level in humeans during preg-
nancy have been reported by Adams (608), Brambel and Loker
(609), and by Javert and Macri (610)., The problem has been
studied in rats by Field et al (611), who found that the
prothfombin was high during the last week of pregnancy, and
that in both pregnant and lactating rats there was an ab-
normal resistance to the hypoprothrombinemia induced by dic-
umarol. These workers suggest that this phenomenon may be
related to the increase in liver welght occurring during preg-

nancy and lactation.

111, Methods for the determination of prothrombin

The many methods for the determination of prothrombin
concentration are in general modifications of the two orig-
inal procedures; the "one-stage method" of Quick (612) (613),
and the "two-stage method" of Warner et al (552) (553) (614).
The controversy over the relative merits of each procedure
st1ll rages, and the issue 1s obscured by the present day
presumptive and empirical nature of the whole problem. The
two-stage method consists of dividing the coagulation process
into, first, the conversion of prothrombin into thrombin,
and second, the measurement of the thrombin concentration,
In the first step, a globulin fraction of plasma, presumably
containing almost all of the prothrombin, 1s precipitated
from plasma, redissolved in oxalated saline, and dialysed.

Addition of an optimal concentration of calcium and an excess
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of thromboplastin causes the prothrombin to be converted
completely into thrombin. The thrombin concentration is
determined by titration with fibrinogen solutions. Quick's
one-stage method, which has been modified by many workers,
consists merely in adding calcium and thromboplastin to
plasma or blood, and measuring the time required for coagul-
ation. From the standpoint of practicabllity alone, workers
are unanimous in choosing the one-stage method, but many
feel that actually the two-stage procedure 1s more reliable
and sensitive (187) (570) (615) (616),

The results of the two methods agree fairly well (617),
and the simpler one-stage procedure is considered adequate
for the detection of the tendency to bleed which requires
vitamin K therapy (574) and for the disclosure of severe
liver damage. However, under certain circumstances there
i1s a definite discrepancy between the results obtained by
the two procedures (589). Quick (618) has presented evid-
ence which indicates that the rabbit has a concentration of
prothrombin in the blood five times as great as the concen-
tration in human blood. By the one-stage method, rabbit
plasma diluted 1:5 has the same "prothrombin time" as whole
human plasma, and 10 per cent rabbit plasma has the same
"prothrombin time" as 50 per cent human plasma. Warner et
al (619) feel that there is not actually a quantitative diff-
erence in prothrombin between the two species, but that the

conversion of prothrombin into thrombin is five times as
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rapid in rabbit plasma as in human plasma. During the coag=
ulation reaction, oxalate was added to remove the calcium
jons, stopplng the conversion of prothrombin to thrombin at
varying stages. Under these conditions it was found that
thrombin was formed much more raplidly in rabbit plasma than
in human plasma, Even when the plasma in the various samples
was diluted so that the concentration of prothrombin was
uniform, the conversion was more rapid in the rabbit than in
the human. The elimlination of known inhibitors of clotting
by ammonium sulfate fractionation of prothrombin did not
affect the results (619).

The fact that the two-stage method indicates lowered
prothrombin levels in many human subjects with moderate liver
damage where the results of the one-stage test are normal
(620), has led to the application of this concept of varying
conversion rates to such cases; Owen (621) has postulated
that this is a compensatory mechanlism whereby clotting tlmes
are normal despite insufficient prothrombin. Similarly,
the one-stage tests do not show a difference in the prothrom-
bin concentration of the young and of the adult; the two-stage
method indicates that the prothrombin level rises only slowly
to the adult level, over a period of many months (622).

Quick and Grossman (605) suggest that the plasma proteins of
the newborn may differ from those of the adult, resulting in
a difference in the antithrombin content. The concep of

variations in the convertasbility of prothrombin has been
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neither widely accepted, nor rejected, and further discoveries
of the nature of the coagulation process are required before
the validity of the concept can be established,

Both methods have been critlcized from many angles.
Warner et al (553) and Owen et al (600) point out that the
total clotting time 1s made up of the prothrombin conversion
time, which may be affected by many varliables of unmpredict-
able importance, and of the time required for the thrombin
formed to react with the fibrinogen mesent. In the one-
stage tests, the thrombin phase overlaps the conversion phase
to a varying degree and '"the uncontrolled summation of these
two reactions gives a clotting time which 1is very difficult
to interpret in terms of prothrombin concentration " (553),
Macfarlane (549) sums up & long attack by branding the one-
stage methods as belng sensitive to slight changes 1in the
reactivity of the prothrombin, but relatively insensitive to
changes in the prothrombin concentration; he clalms that
while the tests as usually performed may measure prothrombin,
they certainly measure many other variables as well. This
Investigator states that the two-stage methods avold many
of the fallacles of the single-stage methods, but are so
elaborate and introduce so many pitfalls of their own, that
they are not yet availsble for ordinary laboratory rractices.
A similar criticism is expressed by Campbell et al (623),
who feel that during the purification of the various compon-

ents involved in the coagulation mechanism, variables other
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than prothrombin may possibly be admitted. Quick (518),

a staunch supporter of the one-stage procedures, points out
that 1t has not yet been demonstrated that the thrombin ob-
tained in the final dilution of the two-stage method is equal
to the total that the prothrombin in the original mixture

can yleld. He also queries whether a substance such as
prothrombin can be diluted several hundred times without
undergoing a certain amount of degeneration, especially be-
cause of the disturbance of the protective colloids.

Ferguson (624) however, has studied by the two-stage
method the assay recovery of prothrombin added to plasma,
and has obtalned excellent recoveries. The problem 1s still
a complex one, with many theoretical as well as practical
difficulties to be solved.

The two-stage method of Warner et al (552) (553) (614)
has been modified by Stewart (563) Herbert (625), and Jacques
(626).

The original one-stage procedure for the determination
of prothrombin in the blood was proposed by Quick in 1935,
The "prothrombin time" was measured by adding to oxealated
plasma equal amounts of calcium chloride solutlon and throm=
boplastin, and observing the time required for coagulation,
The relationship between the clottinz time and the concen-
tration of the prothrombin was not linear, but could bte ex-
pressed by the curve

t = a+ (%)
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where ¢ = concentration of prothrombin
t - time

a andﬂk are constants which vary with the species and
with the thromboplastin preparation used (612) (613) (627).
Numerous modifications have been nede in the original proc-
edure. Scherber (628) advocates the use of a special con=
stant temperature bath. Hause and Tocantins (629) have added
a table for the calculation of prothrombin concentrat'ons
higher than 100 per cent of normal values. Owen and Toohey
(630) and Innes and Davidson (631) have reo”uced the @ ocedure
to a micro scale; the latter workers have used Russell viper
venom (see pe. 140 ) as a source of thromboplastin. Oxalated
or citrated whole blood has been employed by many (603
(607) (632) (633) (634), with results essentlally the samec
as those obtained with plasma. In Abramson's modification
(635), however, unoxalated capillary blood is added directly
to a mixture of calcium chloride and thrcmbtoplastin,

Ziffren et al (617) in 1939 introduced the "bedside
test", which employs only whole blood and thromboplastin,
The results of this method agreed within fifteen rer cent
with those obtained on the same patients by the two-stage
procedure, and it was considered a satisfactory reasure of
the bleeding tendency caused by low prothrombin levels.,
The test has been modified to a micro scale by several workers
(604) (634) (836) (637) (638) (632) whose methods vury only

in the relative amounts of reagents used; by these @ ccediires



prothrombin may be measured in caplllary blood, rather tren
venous blood.

In Quick's method, the prothrombin time is decressed
only two or three seconds by a fall in prothromb’r concen-
tration from 100 per cent to 40 per cent of normal (€4C),
Since there may be individual variatlons of two or three
seconds in the normal prothrombin time, and since successive
determinatlons do not check within less than orne or two sec-
onds (690), it is impossible to determine accurately by this
method varlations in prothrombin concentration withir the
range of fifty to one hundred per cent of the normal level,
While thils 1s not important from the viewpolnt cf mrerely
detecting a bleeding tendency, 1t severely limlts the use of
the determination as a measure of liver function. The curve
of the prothrombin time flattens out, however, over tle range
of concentrations below 50 per cent, and many workers real-
ized that more reliable results might be obtained by reasur-
ing the coagulation time of plasma diluted to 25 per cent or
less, Thus developed the use of "serial dilutions" (581) (582)
(593) (609) (631) (643) (644) (645) (646) (647) (648) (892),
It was found that frequently the study of diluted plasma
Showed variations in prothrombin concentration wihich were
undetected when whole plasme was used (609) (847).

Shapiro et al (649) found that the difference between
the prothrombin time of whole and dilute plasma was a more

reliable indication of prothrombin activity than was tre
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prothrombin time of elther alone. This difference was fairly
constant in normal individuals; when prolonged it indicated
hypoprothrombinemla, and when reduced, it suggested the pres-
ence of abnormally high prothrombin levels, and was frequently
followed by thrombo-embolisation. That hyperprothrombiner.ia may
be the cause of such a condition has been suggested by sev-
eral workers (609) (649) (see p.130).

Thromboplastin solutlions have been prepared from ox and
dog lungs, but brain tissue is most frequently used., Bralns
from the chicken, rat, rabbit, sheep, calf, horse, and still-
born foetus have been employed by various workers (559) (568)
(628) (650) (651) (652) (653) (654) (655) (656). Although
Kaump and Greenwood (653) found rabbit brain to be superior
to calf brain and to rabbit or calf lung as a source cof
thromboplastin, horse brain is recommended by Kazal and
Arnow (656) as a more =conomical source of the coagulation
factor.,.

That there is a difference in the activity of thromboplas-
tin from different tissues, and from different animals, and
that there is a difference also in the response of the blood
of these animals to thromboplastins, was shown by Quick (651
and by Copley (650). Apparently thromboplastins are nost
active upon their homologous plasma, and less actlive upon
the plasma of other species. Even thromboplastins preprared
by different methods from the same tissue may vary in activ-

ity. Quick's method (652) of making a saline extract of the
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dried acetone-extracted rabbit brain results in a very active
- preparation which will coagulate rabbit plasma in 6 seconds
and human plasma in 12 to 15 seconds. When a simple saline
extract of rabbit braln is used, the prothrombin times are
delayed to almost twice these values. Souter and Kark (654)
have recommended using the less active pr eparation, because

a difference of one or two seconds in the prothrombin time
would represent a smaller change in prothrombin concentration
than when the much more active extract was used.

According to Quick (652), thromboplastin is rather un-
stable under ordinary conditions. It may be stored for sev-
eral months at 5° C., as a saline solution in stoppered
vials or as the dried powder, without loss of potency (654)
(657) (658).

Many workers have preferred to use commercial Russell
viper venom as the thromboplastin reagent in the one-steage
estimation of prothrombin, obviating the necessity of rrep-
aring tissue extracts and affording a reagent of standard-
ized activity (631) (647) (659) (660) (661) (662), yet prod-
ucing comparable results, Lecithin used in conjunction with
venom accelerates clotting, and its use is advocated by
some workers (646) (660), but Page et al (663) found that
the reduction in prothrombin time was greater vien coagul-
ation was prolonged, than when normal, so that the use of

lecithin reduced the diagnostic possibilities of the test,.
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Variations between different batches of wvenom have been
shown to be insignificant (664). The dried powder, in
niﬁrogen—filled ampoules, 1is stable for more than five years,
and solutlions of the venom retain trelr activity for four
months at room temperature (665) (666),

The venom can be dissolved directly in the calcium chlor-
ide solutlion, making the coagulation end point sharper (667)
(668) (669) (683),

Several workers have shown that excess calcium inhibits
the coagulation mechanism (616) (660) (670). The optirmin
range apparently falls between M/30 and /200, Although
Pohle and Stewart (671) advocate determining the optimim
calcium concentration for each analys=sls, Hobson and Witts
(660) have found no evidence that the optimal calcium con-
centration varies appreciably with the sample of plasma, and
Stein (616), in a study of the problem, revorts that the
usual concentration employed (M/40) falls sufficiently well
within the optimal range to make this concentration adequate
for routine use, The calcium concentration will, of course,
be affected by variations in the amount of oxalate used as
an anticoagulant,

Cheney (672) has proposed 2 test in which ro thrombo-
plastin is used, but varying amounts of calcium are adcded
to oxalated plasma and the shortest rlotting time noted,

The test, he claims, is a "simple clinical test to deternine

the desirability of administering vitamin K therapeutically",



142

It 1s not, of course, an accurate measure of prothrombin
concentration.

Although prothrombin in plasma or in solution is grad-
ually destroyed on standing (540) (673) (674) (675) (676),
even at low temperatures, this destruction is so slow that
it is not important in the routine determination of prothrom-
bin in blood or plasma when tests are carriled out with reas-
onable promptness. Workers have found no decrease in
prothrombin concentration in plasma allowed to stand at room
temperature (678) or in an incubator (599) for an hour, or
in a refrigerator for twenty-four hours (660) or for a week
(623).

Page et al (662) report that the prothrorhin time of
oxalated, uncentrifuged blood usually increased after stand-
ing for two hours at room temperature, but was occaslonally
decreased, presumably as a result of the release of lecithin
through haemolysis. Plasma prothrombin time increased
slightly in plasma standing at room temperature for one and
a half to five hours, but such increases were usually small,

Exposure of plasma to an air current at 38° C., was
followed by a definite loss of activity (677) (678). Tocan-
tins (677) reported that the addition of carbon dioxide
corrected this loss, but Quick (678) found carbon dioxide
to be of no benefit, and believed thls to be a case of dir-

ect oxidation of the prothrombir to an inectivc compound.,
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ive Fibrinogen

The formation of fibrinogen in the liver 1is not as
easlly depressed as 1s prothrombin synthesis. Chronic
chloroform intoxication (553) and partial hepatectomy in
dogs (554), procedures which profoundly depress the proth-
rombin level, seldom cause a decrease in fihrinogen. In
fact, small doses of hepatotoxins cause a rise in fibrinogen,
just as tissue injury elsewhere in the body does. Foster
and Whipple (684) believe this high level of fibrinogen to be
a response to dead tissue and inflammation., Large doses of
damaging agents cause a fall in fibrinogen, however, 1if suff-
icient injury to the liver parenchyma results. In clinical
jaundice, the fibrinogen concentration is rarely diminlshed,
and may even be elevated (640)., In chronic ulcerative col-
itis, the prothrombin concentration is lowered, but fibrin-
ogen 1s above the normal level (685), No consistent rela-
tionship has been found between the plasma fibrinogen and
prothrombin concentrations in normal humans and in those
with a variety of diseases (563) (573) (686).

The question has arisen whether a decreased fibrinogen
concentration in the blood interferes with the accurate
determination of prothrombin. Quick (612) found that the
addition of purified fibrinogen to plasma did not alter the
speed of clotting. Witts cites a case of congenital fibrin-
opoenia, in which the blood was found to contain no flbrilnogen.

When this blood was mixed with normal plasma, the prothrombin
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time was not significantly affected until the fibrinogen
concentration was less than 30 per cent of the normal level,
It is generally belleved that a lowered fibrinogen concentra-
tion is seldom a factor in prolonging the prothrombin time

of blood (555) (644) (687).

ve Dicumarol

The prothrombin concentration of the blood is decreased
to very low levels by dicumarol (3,3'-methylenebis-(4-hydrox=-
ycoumarin)), the compound causing haemorrhagic sweet clover
disease in cattle. The "anticoagulant" is active in prolong-
ing the coagulation of blood only in vivo, and the maximal
effect is not reached until twelve to twenty-four hours after
ingestion of the drug (€691) (692). The hypoprothrombinemisa
1s transitory (693), even after repeated doses. McGinty
et al (694) report the occurrence of temporary hyperprothe-
roambinemia in dogs during the recovery period.

Because dicumarol 1s less expensive than heparin, it
has been employed in the prevention and treatment of throm-
bosis (693) (695) (696). Several workers (691) (693) (697)
found that vitamin K was not effective 1n counteracting the
hypoprothrombinemia produced by dicumarol, and it was bel-
1eved that a blood transfusion was necessary to restore the
prothrombin level quickly to normal. McGinty et al (694)
reported that purified beef prothrombin given by vein to
dogs served to counteract the effects of dicumarol. However,

it was soon found that large doses of vitamin K given before,
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with, or twenty-four hours after dicumarol, reduced the
hypoprothrombinemic action of the drug (692) (693) (698)
(699) (700) (701). Dicumarol is more effective in cases of
hepatic or renal injury (695) (702), or vitamin K deficiency
(692)., Jaques and Dunlop (699) found that sodium phthalate
in very large doses caused a transient lessening of the
hypoprothrombinemia induced by dicumarol in dogs, but the
effect was transient, and the compound differed from vitamin
K in being active 1n the absence of the liver, The magnitude
of the increased prothrombin time result ing from the admin-
1stration of dicumarol was found to be very sensitive to
changes in the calcium concentration used in the analysis
(703),

Many studies of the toxicity of dicumarol have been
made. Function tests have rarely demonstrated the presence
of damage to the liver or kidney following repeated admin-
istration of the drug (693) (696) (697) (704) (705). Lehmann
(693) gave moderate doses of the drug daily to rabbits for
& month, and found no toxic effects on the circulation, res-
piration, composition of the blood, or on eny of the vis-
cera. Bollman and Preston (695) witnessed no harmful effects
iIn dogs maintained for six weeks with very low prothrombin
levels,

Pathclogical studies in animals, however, have shown
that repeated large doses of dicumarol will cause death,

with some necrosis of the liver (696) (706). Richards and



146

Cortell (706) point out, however, thet their animals suff-
ered from severe anaemia, which 1tself probably contributed
to the liver lesions. Several lnvestigators (691) (707)
have noted congestion of the liver and generalised vasodila-
tation iIn dogs following the administration ofa lethal dose
of dicumarol,

The mechanism by which dicumarol acts 1in reducing the
prothrombin concentration of the blood 1s not known. Link
et al (708) have proposed several possible explanetions to
account for the latent period; one of these 1i1s that dicumar-
0ol must undergo a chemical change in the body before it is
effective, A study of various analogues of dicumarol and
structurally related compounds revealed that the only com-
pounds showing anti-coagulant action were those which theor-
etlically might yield salicylic acid or an o-hydroxybenzoic
acid derivative, on breaking down. It was found that salicy-
lic acid produced in animals a temporary hypoprothrombinemla,
comparable in all respects to that caused by dicumarol, and
preventable by large doses of vitamin K (708) (709) (710).
Hypoprothrombinemia was also frequently discovered in humans
receiving salicylate medication (709) (710) (711). Kabat et
al (712) report that a number of indanedione derivatives

have an effect similar to dicumarol in decreasing the pro-

thrombin concentration of the blood.
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e. Enzymes 1in the blood i. Alkaline phosphatase

The phosphatases hydrolyze the linkage between phos-
phoric acid and the hydroxyl group in a wide varlety of
compounds; of particular importance is the phosphorylation
of glucose to glucose-l-phosphate and the reverse reaction,
which take place 1n the liver. There are two phosphatases
in blood; the one which has its optimum activity around pE
9 18 commonly referred to as "alkaline" phosphatase, and
that which 1is most active between pH 5 and 6 1s known as
"acid" phosphatase, It must be noted that the concentra-
tlon of an enzyme 1s determined only by the amount of sub-
strate broken down in a definite length of time; it is im-
possible to tell whether one is measuring an increased con-
centration or merely an increased activation of the enzyme.

Variations in the concentration or activity of "alkaline"
phosphatase inthe blood have been frequently studied in a
variety of liver diseases. The enzyme 1is apparently ex-
creted in the bile; it has been found in extremely high
amounts in fistula and gall-bladder bile (714) and in the
faeces (715),

An increase in the alkaline phosphatase activity of the
blood of patients with jaundice was first reported by Roberts
(716). Subsequent workers have confirmed this finding in
cases of obstructive jaundice (714) (715) (717) (718), but
in jaundice due to hepatitis, the results of determinations

of serum phosphatase recorded by different observers vary



148

widely. Some clalim that serum phosphatase is low in such
cases, and that this affords a basis for the differential
diagnosis of the two conditions (717) (718) (719) (720) (721)
(722)., However, many other workers have found elevated
values of serum phosphatase in all types of jeundice except
haemolytic jaundice (715) (715) (723) (724) (725).
Experiments with dogs have afforded simllar data. After
obstruction to the common bile duct, the serum phosphatase
rose to very high levels (143) (715) (726), falling grad-
ually to the initial value after relief of the obstruction,
The production of toxlc hepatitis with carbon tetrachloride,
neoarsphenamine, and other drugs caused an elevation in the
serum phosphatase (143) (726) (727) (728). Although the
rise followling obstruction of the biliary outflow was usually
higher than that found in hepatitis, there was frequently some
overlapping of values in the two conditions. An increase
in the serum phosphatase was often one of the earllest signs
of deamage to the liver, and one of the last to disappear
during the recovery period (727) (728). Cholecystectomy in
dogs was followed by an increased retention of bromsulfalein
and a rise in the serum phosphatase (398). Hyperthyroid
dogs also had an abnormal retention of dye paralleled by an
increased concentration of serum phosphatase (257) (258),
Hough et al (320) (321) found that the removal of prot-
ein from the diet of dogs was soon followed by an increase

In serum phosphatase and retention of rose bengal. Addition
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of proteln to the dlet reversed these findings.,

Although the original hope that the determination of
serum phosphatase activity might be a valuable aid in dis-
tinguishing between obstructive and non-obstructive jaundice
has largely been abandoned, it is felt by many workers that
the phosphatase level, when considered along with othér tests,
will provide valuable information about the condition of the
liver,

The origin of the alkeline phosphatase in the serum has
been the subject of much speculation. The bones and the
liver have been suggested as sites of 1its formation (143).
Maddock and colleagues (729) (735) found that hepatectomy in
dogs resulted in a rise in serum phosphatase activity much
more rapid than that found after obstruction of the bilfary
outflow., Evisceration caused only a slight terminal rise;
removal of all the organs except the liver and kidneys was
followed by no rise in serum phosphatase. These investig-
ators concluded that the enzyme 1s made in the intestines
(and perhaps in the kidneys and bones), and thet it 1s util-
i1zed by the liver in the dephosphorylation of hexose-1l-
monophosphate, In the absence of the liver, the enzyme
accumulates in the blood more rapidly than when only 1ts
excretion in the bile is prevented. In 1938 Freeman and
Chen (730) made the curious observation that the serum phos-
phatase of a dog could be railsed for severel days by transfusing

the animal with blood from a dog with obstructive jaunrdics,
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Thannhauser et al (731) reported a similar phenomemon in

- vitro; gera with high phosphatase values were able to in-
crease the hydrolysls of the substrate when mixed with norm-
al serum in equeal proportions. They suggested that some
substance was present 1n these sera which caused an increased
sctivation of the enzyme, and not an actual lncrease in con-
centration,

Cloetens (732) has isolated from liver and other tissues
two alkalline phosphatases with somewhat different properties.
Phosphatase I is inactive 1n the absence of magnesium ions;
its activity 1s inhibited by fluorlde, but not by cyanide,

On the other hand, phosphatase II does not require magnesium,
but 1s lnactive in the presence of cyanide. Drill and his
colleagues (733) (734) have investigated the effects of these
ions on the alkaline phosphatase of the serum. It was found
that the addition of sodium cyenide to the substrate re-
duced the increased phosphatase values in humans and dogs
with hepatic damege to the normal level, but not below this
level, Magnesium and fluoride had little effect on the act-
ivity of the enzyme. It has been suggested that the Increase
in phosphatase in liver disease 1is due to an increase in
Cloetens' "alkaline phosphatase II". The authors failed to
mention whether the study included any cases of obstructlve
jaundice; the results, however, promise to shed new light

upon the origin and behaviour of serum phosphatase in dis-

case,



151

11, Diastase and choline esterase

Diastase or amylase hydrolyzes starch to maltose. The
concentration of the enzyme in the blood is largely independ-
ent of nutritional factors and 1s remarkable constant in any
one individual, Liver damage is associasted with a decrease
in the dlesstatic activity of the blood (736) (737) (738);
Gulzow (737) has suggested that this fall results from the
impaired metabolism of carbohydrates in the damaged liver.
Bartlett (739) believes the decrease in hlood diastase in
thyrotoxicosls to be evlidence of impaired liver function,

McArdle (740) has found the determination of choline
esterase in serum useful in the estimation of liver functlon

and In the differential diegnosis of jauvndice.

9. Carbohydrate Metabolism a. Galactose and fructose

tolerance

The liver 1s the site of the conversion of many sugars
into glycogen. It 1s reasonable to suppose that damage to
the liver should interfere with this glycogenesis, and for
many years the metabolism of fructose and galactose has been
studied as a guide in the detection of pathological leslone
of the liver, Galactose appears to be the sugar of cholce
for such a test. Fructose can be transformed into glucose
by the stomach and the intestines (141) (741) as well as by
the liver. There is a renal threshold for fructose, and

very little is excreted in the urine, even after large
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quantities have been ingested (742). On the other hand,

- galactose is only slowly utilized by the body, and in t he
absence of a renal threshold, 1is excreted to a large extent
in the urine (743). In the hepatectomised animel, a much
larger portion of the administered galactose is found in the
urine (141). The utilization of galactose by tissues other
than the liver is negligible.(742).

Corley (272) found that the removal of fructose from
the blood of rabbits was little affected by slight injury to
the liver, but was prolonged after severe hepatic damage
had been produced. Herbert and Davidson (741) have recormm-
ended a study of the changes in blood fructose following oral
administration of the sugar, not as a test for the existence
of hepatic disease, but rather as an indication of the ex-
tent of liver damage. Rennie (744) found that such a teat
frequently gave positive results in cirrhosis, but was, on
the whole, less sensitive than the hippuric aclid test,

The capacity of the liver to metabolize carbchydrates
1s apparently disturbed with difficulty. Bollman et al (141)
found that animals with extensive cirrhosis, and animals
from which 50 to 70 per cent of the liver had been removed,
excreted essentially normal amounts of galactose following
ingestion of the sugar. The utilization of calactose was
definitely impaired, however, in the presence of acute hep-
atic damage produced by hepatotoxins such as phosphorus end

carbon tetrachloride. Decreased galactose utilization or
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"tolerance" was accompanied by hyperbilirubinemis and in-
* creased retention of bromsulfalein in the blood., Only when
the animal was In the premortal stages from extensive hep-
atic destruction, however, was the amount of galactose ex-
creted comparable to that excreted by a hepatectomised anim-
ale

Clinically, the galactose tolerance test is usually
performed by measuring the excretion of suger in the urine
after a 40-gram oral dose of galactose. In the presence of
hepatic injury, incomplete conversion of thils sugar into
glycogen results in glycosuria above the normal level of 2.5
to 3 grams of sugar in five hours following galactose inges-
tlon., After years of clinical use, the test has not found
favour as a general test of liver function, although some
workers have found 1t of value in distinguishing between
hepatocellular and obstructive jaundice (389) (745) (746)
(747)s The results of the test, although usually strongly
positive in severe and diffuse acute liver damage, were of-
ten negative in chronic liver disease (389). Because galac-
tosuria is frequently accompanied by glucosuria, several
investigators (745) (748) have advocated the differential
fermentation of glucose in the urine with yeast before est-
imation of the sugar content.

Within the past few years various modifications of the
galactose tolerance test have been proposed. Several workers

(141) (749) (750) (751) found that the wide variations in
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the rate of intestlinal absorption greatly influenced the
amount of galactose excreted. MacLagan (752) reparted that
the galactose excretion depended too much on the rate of
urinary flow to be a reliable guide. As a result, many in-
vestigators have advocated following the disappearance of
galectose from the blood after the lntravenous injection of
the sugar (749) (750) (751). The test has been of grest
velue in the differential diagnosis of jaundice (751) (753),
and has been of some use as a general test of liver function
(754).

In thyreotoxicosis, the results of the galactose tol-
erance test following oral administration of the sugar are
frequently abnormal. This abnormality has been attributed
to both an increased intestinal absorption of the sugar, and

impaired liver function (253) (753) (755).

b, Glucose tolerance

In the presence of liver damage, there 1s a disturb-
ance in the normal rate of removal of glucose from the blood.
Hall (228) found a diminished glucose tolerance in dogs after
administration of acacia, and Soskin et al (756) believed
the abnormal sugar tolerance curves found In toxemia tec be
evidence of concomitant liver damage. Pachman (757), however,
in a study of acute hepatitils, found no correlation between
the degree of icterus and the type of glucose tolerance

curve; in many cases there was a decreased tolerance to
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orally administered glucose when the response to intraven-
ously administered glucose was normal. When the intravenous
test showed a decreased tolerance, the results of the oral
test were always abnormal. The glucose tolerance test has
on the whole been little used ss a general test of liver fun-
ction, because of the fact that the level of the blood sugar
is Intimately regulated by an interplay of endocrine factors,
Althausen and co-workers (758) have made a study of e
modified glucose tolerance test in which the blood sugar
level was followed for three hours after the administration
of insulin, glucose, and water. In humans, the presence of
liver damage caused a terminal hypoglycemia, and these in-
vestigators reported that the test was able to detect latent
functional impairment of the liver; the results of the test

paralleled those of the Rose Bengal test.

The modified test was further studied in rabbits, and
epinephrine, as well as‘insulin, was administered (759) (760).
Fasting rabbits showed a reduced tolerance and a diminished
response to epinephrine, both apparently due to the low liver
glycogen concentration. This decreased liver glycogen level,
however, did not produce the typical hypoglycemia found at
the end of the test in humans with liver demage. In botr
phosphorns and chloroform poisoning, the first functional

deficiency to appear was a failure to maintain the normal

blood sugar level., Later, there was & progressive decrease

in sugar tolerance, caused, at least ir part, by the
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deposition of only small amounts of liver glycocen. Epin-
ephrine hyperglycemia was finally abolished entirely. During
recovery, the blcod sugar level, sugar tolerance, and res-
ponse to epinephrine returned to normal.

There 1s a complex relstionship between the liver gly-
cogen and llver damege; low levels of glycogen 1increase the
susceptibility of the liver to damaging agents, and these
agents in turn decrease the liver glycogen (see p.20 ),
Althausen (761) showed that insulin administered to rabbits
increased the glycogen content in a normal liver when 1t was
low, but falled to do so when the liver was damaged.,

Staub (762) reported in 1922 that fasting resulted in a
decreased glucose tolerance, both in the intact animal, and
in the perfused liver. He suggested that the low level of
glycogen in the liver might be the cause of the decreased
tolerance. Ikushima, too, found a decreased tolerance to
glucose and fructose in rabbits in which the amount of gly-
cogen in the liver was diminished, and an enhanced tolerance
when the liver glycogen concentration was high (763) (764).,

Meyer (41) claims, however, that the power of the liver
to form glycogen is not impaired when its glycogen concen=
tration is low. The rise in blood sugar following the admin-
istration of fructose to the fasted animals was the result
of 1ittle or no formation of glycogen in the muscles; the
fasted animels stored more glycogen in the liver in the four-

hour period after fructose ingestion, than did the non-fasted
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animals. Meyer suggests, however, that metabolic changes 1in
the liver may influence the anabolism of glycogen in the
muscles, and thus be the cause of the decreased fructose
tolerance.

Butsch (765) showed that the continued intravenous ad-
ministratlion of glucose to a fasted dog resulted finally in
a definlte sharp break in the glucose tolerance, at a point
which corresponded to the maximum capacity of the animal for
the storage of glycogen. After the test, the liver cells
were dlstended with glycogen. The maximum amount of gly-
cogen found in the liver was 20 per cent; the muscles con-
tained from 3 to 4 per cent of glycogen.

Treadwell et al (766) (767) found decreased glucose
tolerance in rats in which fatty livers had been produced by
maintenance of the animals on a high fat, low protein diet.
However, there was no direct relationship between glucose

tolerance and either the fat or glycogen content of the liver.

10, Miscellaneous Tests a. Blood iodine content

De Courcy (771) (772) has drawn attention to the fact
that iodine ingested in the food is excreted by the llver,
In chronic cholecystitis the blood lodine value 1s increased,
reaching extremely high levels if the common bile duct is
obstructed. Moderately high values are found in cancer of
the liver, but for some unexplained reasonr the blood iodine

concentration is normal in cases of advanced cirrhosis of

the liver,
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function tests may be adapted to such a procedure. The use
“of a "composite test" appears to be e great step forward in
the search for a simple procedure which will evaluate the

condition of the liver.



EXPERIMENTAL PROCEDURES

The description of the experimental work falls natur-
ally into two sections: (1) modification of procedures and
analytical methods, and (2) production of liver damage in

animals and the evaluation of the tests,.

le Procedures, analytical methods, and normal values for the
tests. a, Galactose tolerance test,
The determination of the concentration of galactose in
the blood after 1ts intravenous administration has been
found by many to increase the sensitivity and value of the
galactose tolerance test. Xing, Harrison and Delory (144)
used such a test in rabbits following carbon tetrachloride
polsoning, and because the test in this form is easily per-
formed on animals, it seemed worthy of further investigation,
A solution of galactose (50 per cent, weight/volume)
was prepared by placing the sugar in a volumetric flask,
dissolving it by heating the flask on a water bath, and,
when cool, adding enough water to make the desired volume,
The solution was filtered, sterilized, and dispensed asept-
ically into test tubes (30 ml. capacity) provided with plas-

tic screw tops. The tubes were @ otected from the dust by

covering with brown paper. To rrevent the precipitation of

galactose, the solution was kept at room temperature rather
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than in the refrigerator. In all the tests performed, 2 ml,
of this galactose solution (equal to one gram of galactose)
per kilogram of body welght was injected into the marginal
vein of the rabbit's ear,

The concentration of galactose in the blood was deter-
mined by the method of MacLagan (752) which required only
0.2 ml. of blood. The glucose in the blood was first des-
troyed by fermentation with yeast.

A suspension of one part of Flelschmann's yeast to two
parts of water was made, and the yeast cells were washed
several times by allowing them to settle out and resuspend=-
ing them in fresh portions of distilled water. Such a yeast
preparation was found to retain its activity after four
months in the refrigerator. It is necessary to test each
new lot of yeast to make certain that it is unable to fer-

ment galactose,

Estimation of galactose

Reagents

Alkaline Copper Reagent: Dissolve 25 g. of anhydrous
sodium carbonate, 20 g, of sodium bicarbonate, and 25 g.
of Rochelle salt (sodium potassium tartrate) in 600 cc.

of water. Dissolve 7.5 g. of copper sulphate (CuS0O4.5H50)
separately in about 100 cc. of water. Introduce the
copper solution into the carbonate-tartrate solution
through the funnel, the tip of which rests on the bott-
om of the beaker, stirring the solution well durlng the
addition to prevent loss of carbon dioxide. Add to the
mixture 5 g. of potassium lodide and 0.175 g« of pot-

assium lodate. Dilute to 1 litre.

Isotonic sodium sulphate (3%)



10% sodivm tungstate

74 copper sulphate

1 N sulphuric acid (30 ml., pure concentrated suln»ruric
acid, d. 1.84, Pour cautiously and slowlr into about
3 to 4 volumes water; cool, mix thoroughly, and dilute

te one litre. Standardize against sodim hydroxide witr
nhenclphthalein)

0,002 N sodium thiosulphate. Tnis must be freshly pre-
pared each day by accurately diluting N/10 scdiurm thio-
sulphate 50 times,

1¥ starch solution in saturated sodium chloride

Yeast suspension (see p, 161;.

Procedure

One -centrifugze tube of 15 ml, capacity I1s needed for eacn
determination and one or two for the cortrols, ZFinette

1 ml., of 7east susvension into eacn tube., Centrifuge the
tubes and decant the supernatant liquid. DT»y the tubes
by draining and remove eny reraining licnid o7 wipins the
Inside with pisces of filter paper. AZé 2.2 ml. of isc-
tonic sodiumr sulfate,

Pipette 0.2 ml., of blooé into easch tute, ani mix tre con-
tents thoroushl:- with a fine zlass rcd, Let the tuzes
stand at room temperatire for “ifteen minutes. At tne
same time prepare a blank (preferacly in duplicate) wisn
normal blcod, to chec¥% the completeness ol tne remcval

of glucose,

After fifteen rinutes ~recipite+e tn2 nroteins by adding
0,3 m1. of 7 per cent copper sulphate anéd 0.5 ml, of sod-
fun tungstate. Stopper tre *ubes and sheks after each
addition, Centrifuze the *tubes for five minutes.
Pipette 2.0 ml. of tne centrifuzate into a test-‘tube

- -

(125 mm x 2C mm) and edd 2 ml. of alkelin=s coprer reagenc,.
Mix tre contents of the tube by shexing ard sterrer the
ture with cotton wool, Flace the tube In a Ttolling water
bath for exactly ten minutes, cocol under running water
for two mirutes, and add 2 =1, of ncrral suiphuarie aclid,
Titpate the contents of the tube irmeiiatelr with 0,072 N,

- <.

scdium thiosulprate, using a 5 ml. microburette. One
An*

drop of starch solution s added a< an indicetor,.

The blank recuires 4,5 to 4,¢ ™1, -7 thlcsulpnas
difference between tre hlank aré tre "imdmown tisre
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used in calculating the galactose,

A standard curve 1s prepared by setting up a serles of
east tubes containing 2.0 ml. of isotonic sodivnmr sul-
phate and 0.2 ml, of galactose-free blood. Samples of
0.2 ml, of galactose solutions of known concentration
are added to the tubes and the analysis is completed as
described above. In this laboratory a straight line
relationship was found between the galactose concentrs-
tion and the difference between the blank and the thio-
sulphate titre, from O to 220 mg. of galactose per 100
ml. of hlood,

Since the first blood sample taken after the injection
of galactose usually contained more than 200 mg. of galac-
tose per 100 ml, of blood, 1t was necessary to use 0,1 ml.
of this blood and 0,) ml, of galactose-free blood for the
determination. The blood samples (abont 0,5 ml. of hlood to
allow for duplicate determinations) were collected in tiny
test-tubes coated on the inside with oxalate.¥ Each tube
was stoppered, mixed well with the oxalate to prevent clott-
ing, and kept in the refrigerator until all the samples had
been collected,

| The concentration of galactose in the blood of a
rabbit was determined at approximately fifteen minute Inter-
vals following the injection., The disappesrsnce of the

galactose from the bloodstream is illustreted in Figure 1.

The results of two tests on the same rabbit are shown.

T The anticoagulant used throughout this investigatlon was
made up of 2 parts of potassium oxalate and 3 perts of
ammonium oxalate in 2 per cent solutior. For each 2 ml,
of blood to be collected, 0.1 ml, of the solution was
used, The use of this oxalate solution is recommended
by Heller and Paul (775) to prevent elteration in the

red blood cells,
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The galactose disappeared gradually from the blood over a

. period of three hours,

3s0 T T T T

aoo

150

GALACTOSE MG. %

s0

o 3o 80 90 120 150 |80

TIME - MIN.

Figure 1.
Disappearance of galactose from the blood

Seventeen galactose tolerance tests were performed on
normel rabbits by collecting blood samples at five minutes,
one, two, and three hours respectively after the injection
of galactose, according to the procedure of King et al. On
the whole, higher values for the blood galactose concentra=-
tion were found in these experiments than in King's., However,
when those investigators simplified the test by replacing
the one~ and two-hour samples by one taken ninety minutes
after the injection, the values found in the ninety-minute

samples were higher (rather than lower) than the values found
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at sixty minvtes in the longer test. These ninety-minute
"values corresponded very closely with those found in the
three such tests which were performed in this laboratory,
It 1s possible that the Ilnconsistency in King's results may
be due to the use of a different stralin of animals or to the
performance of some of the tests during a different season
of the year, Our experiments, which gave consistent results,
were carried out during the colder part of the year (between
November and March).

In Table I will be found a summary of the results of
the tests performed on normal rabbits, and a comparison of
the average, the hlghest, and the lowest of these values

with similar values from the work of King et al.,

TABLE I
Concentration of galactose in the blood after injection

5§ min. 1lhr. 1l hr. 2 hr. 3 hr,

This laboratory

Average value 304 122 72 51 10

Highest value 412 148 104 94 22

Lowest value 200 82 o4 18 0
King et al

Average value 208 o7 73 24 4

Highest value 270 85 106 50 21

o
o

Lowest value 154 35 51



166

When the results of all the test performed were plotted
in grephs, 1t became apparent that whereas the blood galac-
tose values fell sharply during the first hour after the in-
jection, the galactose concentration thereafter fell at a
constant rate. It was obvious that the test could be simplif-
ied without sacrificing accuracy by determining the blood
galactose concentration at five minutes, one, and three hours,
rather than at five minutes, one and a half, and three hours
as suggested by King et al.

MacLagan has introduced the term "galactose index" to
represent the sum of the four blood galactose values found
at thirty, sixty, ninety, and one hundred twenty minutes
respectively after an oral dose of 40 g. of galactose in
humans. The "galactose index", which affords an excellent
method of expressing the results without requiring a curve,
has been applied in this investigation to the sum of the
blood galactose values, in milligrams per 100 ml. of blood,
found at five minutes, one and three hours respectlvely
after the intravenous administration of one gram of galac-
tose (in 50 per cent solution) per kilcgram of body welght.
The normal values for the galactose index, calculated from

the normal sgalactose tolerance curves determined in this

laboratory, ranged from 362 to 566,

h, Bromsulfalein excretion test

The bromsulfalein test as usually performed presents
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certain analytical difficulties. The usual procedure is to
edd a drop of sodium hydroxide solution to about 5 ml, of
gerum and compare the purple colour wlith a set of standards,
Not only does this method require a large sample of blood
but it cennot be used In the presence of haemolysis.

Several workers have used acetone or alcohol to pre=
cipitate the serum proteins in determining the concentration
of rose bengal (320) and azorubin S (406) but Rosenthal and
Lillle (407) reported in 1931 that acetone 1is not satisfac-
tory for the extraction of bromsulfalein from serum,
Robinson, on the other hand, used acetone precipitation with
satisfactory results (776).

Several protein precipitants were tested in this in-
vestigation., Both trichloroacetic acild and zinc hydroxide
were found to precipitate the dye along with the proteins.

A simplification of Robinson's method was worked out and

was found satisfactory.

Estimation of bromsulfalein

Reagents

20 per cent sodium hydroxide
Acetone

Procedure

Add 1 ml. of plasma or serum to a mixture of 3 ml, of
distilled water and 8 ml. of acetore in a 15 ml, centri-
fuge tube. Stopper the tube and mix the contents well,
Let the tubes stand for at lesst one hour, and then
centrifuge for three minutes. Pipette 5 ml. of the super-
natant 1iquid into a colorimeter tube, and make an initial
"hlank" reading for each tube in the photoelectric color-
imeter. Add one drop of 20 per cent sodium hydroxide
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solution, mix the contents of the tube by shaking, and
make another reading. The purple colour develops rap=-
idly upon addition of the alkall, and is stable for
several hours., Filter #565 (or #580) and the 6 ml,

aperture are used,

Bromsulfalein is avallable in 5 per cent solution in
waters In the determlnation of the standard curve, a
serles of solutlons of bromsulfalein in serum ranging
in concentration from O to 10 mge per 100 ml. of serum
are used. The latter concentration represents complete
retention when the customary dose of 5 mg. of dye per
kilogram of body weight 1s given. The standard curve 1s
a straight line from O to 10 mg, of dye per 100 ml. of
serum; thls range extends over the whole accurate range
of the colorimeter,

Since acetone 1s rather volatile, it was necessary to
keep the tubes stoppered. When this precauvtion was observed,
reproducible resvlts were obtalned, In later work, it was
found quite feaslble to perform the determination with helf
the quantities originally employed, that is, with only 0.5
ml, of serum, 1,5 ml, water, and 4 ml, acetone, A 5 ml,
aliquot was still taken for the colorimeter reading. The
smaller blood sample also permitted more accurate timing of
the blood samples.

Originally, the tubes were centrifuged almost immediately
after the precipitation of the plasma proteins. Occasionally,
however, the supernatant was slightly turbid, which resulted
in a high centre setting in the colorimeter. It was noted
that if the centrifuge tubes were allowed to stand for an
hour or two before or after centrifugation, the turbidity
was rot found., When plasma was used, a precipltate, Inter-

fering with the colorimeter reading, occasionally formed

upon the addition of the alkall to the acetone solnution,
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This precipitate was formed when & smaller than the desired
amount of blood was obtained from the rabbit, and was traced
to the excess of oxalate present in the sample. With serum
or with plasma collected with a minimum of oxalate, this
difficulty was never encountered.

In the performance of the bromsulfalein excretion test
on rabblts, 1t was necessary to dilute the commerclal brom=
sulfalein solution 1 to 10, to give a solution with a con-
centration of 5 mg. of dye per ml., A dose of 5 mg, of dye
(or 1 ml., of solution) per kilogram of body weight was in-
Jected. Samples were usually taken five and twelve minutes
following the injection; it was not always possible to ob-
tain samples at exactly these times, but the time of the
sample was noted, and from a curve of the normal results,
the correct values could be calculated, The blood samples
were collected from the ear vein into small beakers contain-
Ing dried oxalate, or into graduated centrifuge tubes in
which the blood was allowed to clot and the serum obtained.
The latter procedure is preferable because of the ease with
which the correct smount of blood is obtained.,

The first dye excretion tests were performed on fed
animals, and the normal values established, The normal re-
tention of dye in the blood of the rabbit was found to vary
between 25 and 35 per cent s five minutes and was usually
below 10 per cent twelve minutes afte» the Injection of 5 mg

of dye per kilogram of body weight. These results agree
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well with those of Rosenthal and White (384), The degree

of retention is calculated in the following manner: the
plasma volume of the rabbit 1s assumed to be 50 ml., per kil=-
ogram of body weight; then if the amount of dye injected is
"x" mg. per kilogram, 100 per cent retention would cause a
concentration of 2x mg. per 100 ml, of plasma,

During the investigation, a series of tests was per-
formed on fasted animals, and different degrees of abnormal
retention were found. The same animals, when fed, were able
to excrete the dye with ease., When fasted again, abnormal
results were again obtalned, The results of all these tests
on fasted and fed normal rabblits are shown in Figure 2. The
rate of dye excretion in fed animals was fairly constant;
the values fell within a small range. The fasted animals
showed great individual variations, however.

In Figure 3 are shown the results of the dye excretion
test in one animal during periods of fasting, compared with
the normal results obtained when the animal was fed. These
results are typical of those found in ten of a serles of
twelve rabbits. Each rabbit showed a rather characteristic
degree of dye retention when fasted. The degree of abnorm-
ality of dye retention upon fasting varied, however, from

only a slight rise in some animals, to a very prononnced

increase in others,
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Figure 3
Dye retention in fasted and fed animals

An analysis of variesnce (Table 3), using the values in
Figure 2 for retention of dye in the time intervals of 3% to
5 minutes, and 113 to 13 minutes after the injection, showed
that the increased retention upon fasting ﬁas highly signif=-
icant at the 0.1 per cent level.,

TABLE IT

Analysis of variance

Source of variance Decrees of freedom Mean sgquare

3% to 5 minute samples

Between treatments 1 14102,29™¥%
(fasted and fed)
Within treatments 40 129,18
114 to 13 minute samples
Between treatments L 1353 ,01%%%
Within treatments 46 17,02

YUE Significant at 0.1 per cent level
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The degree of retention after a fast of 7 to 8 days
-(180 to 204 hours) was almost invariably higher than that
following a fast of 18 to 42 hours. Analysls of variance,
Table III, shows that the increase is highly significant at
the 5 per cent level in the case of samples taken at 113 to

13 minutes after injection of the dye,

TABLE III

Retention of dye 112 to 13 minutes after injection
Fasted 18 to 24 hours Fasted 180 to 204 hours

Rabbit #1 14,5 per cent 20.0 rer cent
e 11.5 28,0
o 18,5 18,0
4 13,0 14,5
s) S5e5 2245
6 12.0 21.5
7 8.0 12,0
8 11.0 18,0
9 18,0 18,5

Analysis of varisnce

Source of variance Degrees of freedom Mean square
Length of -fast 1 206,72%
Replicates (rabbits) 8 18,344
Length of fast x Replicates 8 21.004

® Significant at 5 per cent level
The slower removal of dye from the blood of fasted
animals has been related to the low concentrstion of liver
glycogen in these animals (45)., The increased retention of

dye in the second test would indicate that an eighteen- to
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twenty=four=hour fast did not suffice to deplete the liver
glycogen in these animals, It 1is obvious that ir normal
animsls, consistent results in dye excretion tests are ob-
tainable only when the animals are well-fed, Even an cver=
night fast is sufficient to cause a significant degree of

abnormal dye retention in many animals,

ce Serum alkaline phosphatase

There are two standard methods for determining serum
alkaline phosphatase activity. Bodansky's method (777)
(778) measures the phosphate libersted from a sodium glycero-
phosphate substrate buffered with veronal. Xing and Armstrong's
method (779) determines the liverated phenol from a buffered
sodiumphenylphosphate substrete., The King=Armstrong method,
as modified by Greenberg and colleagues (780), was tried in
this laboratory, and proved to be very satisfactory. The
Greenberg modification introduces the use of ammonium chloride-
ammonium hydroxide buffer which was found to keep well for
at least a month at room temperature. Another innovation 1is
the use of a standard solution of tyrosine, instead of phenol,
In the estimation of the phenol liberated. The method was
adapted for use with the Evelyn photoelectric colcrimeter by
employing part of the method worked out for the determina-
tion of tyrosine in the blood. The quantities of reagents
were reduced, and other modifications were introduced which

simplified the procedure without reducing its accuracy.
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Determination of serum alkaline phosphatage

Reagents

Buffer sclutions: 05 M. ammonium chloride: Dissolve
24675 geo of pure ammonium chloride in distilled water
and make up to 100 ml, (or 26,75 g to 1,0 litre).

0¢5 M, ammonium hydroxide: Dilute 28 ml, of C.,P. con-
centrated ammonium hydroxlde to 1.0 litre and determine
the exact strength by titration with standerd acid sol-
ution using methyl red or methyl orange as an indicator.
This reagent should be kept in a stoppered bottle to
prevent loss of ammonia,

Buffer substrate mixture: Introduce 1.0 g of disodium
phosphate, 20 ml, of 0,5 M. ammonium chloride, and 20 ml,
of 0,5 M., ammonium hydroxide into a 100 ml, volumetric
flaske Dillute to volume with distilled water and mix,

Trichloroacetic acid,approximatelyls5 M. (24.5 per cent)

Sodium hydroxide,2.3 per cent: This solution is used to
neutralize the trichloroacetic acid introduced into the
sample in order to precipitate the serum proteins. Tit-
rate 3 ml, of the trichloroacetic acid with the sodium
hydroxide and adjust their strengths so that 1.0 ml. of
trichloroacetic acid is equivalent to 2,60 ml. of sod-
ium hydroxide. It 1is necessary to do this titration only
once for each set of solutions,

Sodium hydroxide,20 per cent

Folin=Clocalteu reagent: Transfer 100 ge. of sodium tung-
state (NapWO4.2H20) and 25 g, of sodium molybdate
(NagoMoO442Ho0) together with 700 ml. of distilled water
to a 1500 ml, Florence flask, Add 50 ml, of 85 per cent
phosphoric acid and 100 ml., of concentrated hydrochloric
acid. Connect to a reflux condenser, protecting the
stopper with tin foil, and boil gently for 10 hours., At
the end of this time, add 150 g, of lithium sulphete,

50 ml, of water, and a few drops of liquid bromine., Boll
without the condenser for 15 minutes to remove the excess
bromine. Cool, dilute to 1.0 litre, and filter. There
should be no greenish tint. Keep well-protected from

dust,

Standard tyrosine solution: Weigh accurately 100,0 mg,

of pure dry tyrosine and dissolve in approximately O.,1
M. hydrochloric acid solution to a final volume of 500 ml,
In this solution, 5 ml, will equal 1.0 mge of tyrosine,
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A drop of merthiolate may be added to inhibit the growth
of mold.

Procedure

Cell=free serum 1is used for the determination., The serum
may be kept over-night in the refrigerator if necessary.

Into 10 ml, test-tubes plpette 4 ml, of substrate. Stopper
the tubes and warm them ln a water bath at 37° C., When
the tubes have reached the temperature of the bath, pip-
ette Into each tube 0.2 ml, of serum and mix the contents
well, At the same time, a series of control tubes con-
taining only substrate are prepared. Incubate the tubes
at 37° C. for one hour. At the end of this nerlod, re-
move the tubes from the bath and cool them in lce water
for five minutes, To each control tube add 0.2 ml. of
serum, Preclpitate the proteins by the addition of 1.0
ml, of trichloroacetic acid and centrifuge them after
five minutes,

To measure the tyrosine equivalent of the phenol liber=-
ated, pipette into a test-tube marked at the 25 ml,

level 2 ml., of the supernatant from the precipitation

of the proteins. Neutralize the acid by the addition of
1,0 ml. of sodium hydroxide (2.3 per cent). Add about

15 ml, of water, 1.0 ml, of 20 per cent sodium hydroxide,
and 1,0 ml. of Folin=-Ciocalteu reagent, Add enough water
to make the volume up to 25 ml, and mix the contents of
the tube by pouring them back and forth into a color=-
imeter tube, Read the tubes in the colorimeter 1in two
minutes, using Filter #660., The color fades rather

quicklye.

In the determination of the standard curve the standard
tyrosine solution 1s diluted 1 to 10 with distilled water,
and aliquots up to 10 ml. (equal to 0,10 mg, of tyrosine)
are used. The standard curve is a straight line.

The phosphatase unit is defined as the amount of enzyme
in 100 ml, of serum which will liberate in one honr under
the prescribed conditions a quantity of phenol giving e
color equivalent to that produced by 1 mge. of tyrosine,
The amount of tyrosine found in the colorimetric deter-
mination is multiplied by a factor of 1300, and the diff-
erence between the test sample and the control sample

is the phosphatase activity in units.
The original directions for thse phenol reagent called

for 1ithium sulphate. Durirg the preparaticn of the second

lot of this reagent, lithium sulphate was not obtainable,
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However, it was called to our attention thet Professor Folin
had later omitted the lithium sulphate, and had prevented
cloudiness in the final blue solution read in the colorimeter
by adding urea to the alkaline solution used in the devel-
opment of the colour. The reagent was prepared in the usval
way, with the omission of lithium sulphate. It was found
that turbildity prevented reading of the solutions in the
colorimeter, and that the addition of 30 g. of urea to each
100 ml, of 20 per cent sodium hydroxide prevented the turb-
idity. Certaln adventages were lmmediately noticed. The
colour which developed was deeper, and did not fade as
quickly as did the colour originally obtained. It was found
that the maximal colour development was reached not in two
minutes as before, but in five minutes, persisting for fif-
teen minutes without any appreciable degree of fading, and
after that, fading very slowly. The increased stabllity of
the colour greatly facilitated the routine determination of
the phosphatase activity. However, on standing, the strong
alkali decomposed the ureas solution, with the liberation of
ammonia. It was necessary to prepare two solutions; one of
sodium hydroxide (20 per cent) and one of urea ( 30 rer cent)
and to add 1 ml. of each of these to the tubes in which the

tyrosine was being determined.

The attempt to establish normal vd ues for serum phos=

phatase was attended by many difficulties (Table IV). The

values found covered a wide range (from 3 to 38 units) and
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occasionally no phosphatase activity at all was demonstrable,
*Since these negative results were always associated with
high values in the other determinations performed simultan-
eously, and since the determinations were always done in
duplicate, it seems that any inactlivating substance @ esent

must have been in the serum, rather than in the substrate or

on the glassware,

TABLE IV

Serum phosphatase values in normal rabbits

Rabbit s | 2 3 4 B 6 4 8 9 10
June 11l|None|l7.6 19,0
.. e 2lel | 2049 | 14,4 | D8
W 1817.2 129,3] Nonel B8, 1
" 21|None|20.1 4,3 5.2
July 4 1107 11.4 10.4
5 |78 |38.4| None|22,1
9 Zal106eS 6.5
10 |{None None 13,0
12 4,6 | None| None 4,0

It has been shown by several workers that the serum

phosphatase level 1is influenced by the diet,

Bodansky and

Jaffe (781) found that the phosphatase activity was higher

in young rats maintained on a meat diet, than on the Sherman

diet,

that in adult rats these findings were reversed.

Freeman and Farmer (782) (783) reported, however,

In dogs,

too, a meat diet favoured & lower serum phosphatase activity
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than did a carbohydrate diet, presumably because of the im-
portance of the enzyme in the metabolism of carbohydrate
(783) (784)., Fasting lowered the serum phosphatase in rets,
guinea pligs, and dogs, and bleeding caused a decrease in the
phosphatase level in rabbits.

Because of the wide variations among the phosphatase
values in a series of rabblts on any one day, and in any one
rabbit over a perlod of weeks, in spite of the fact that all
the rabbits were subjected to the same treatment, it was im-
possible to establish any correlation between the serum phos-
phatase values and the food given, the amount of bleedine,
or any environmental changes. The extreme heat and the ob-
vious discomfort of the rabbits during the summer would
affect the food intake and the water balance of the animals,
The varlations were probably the result of a summation of
one or more of these factors in any one rabbit. In the
course of the damaging experiments, the same variations were
noted. Only in the presence of severe damage to the liver

could any significance be ncted in the fluctuations of the

serum phosphatase values,

ds Plasma prothrombin

The methods used for the determination of plasms pro-

thrombin, and their presumptive nature, have been described

previously (see p. 132). Varistions in prothrombin time he-

tween different individuals and daily variations in the same
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person, have been observed by many workers (635) (649) (665),
- Hause and Tocantins (629) report that some normel men may
have consistently high plasma prothrombin concentrations.
Animals, also, show appreciable variastions in prothrombin

as 1s readily seen by s examlnation of some of the figures
given in the literature. Campbell et al (623) report that
although the prothrombin time of plasma diluted with seven
parts of saline 13 relatively constant for any one rabbit,
the normal range for a large number of animals extended from
20 to 40 seconds., Elliot et al (559) working with rats

found the average prothrombin time for 50 per cent rat plasma
to be 69,8 seconds, with a standard devietion of 9.8 sec-
onds, Holmboe's values (655) range from 55 to 85 seconds,
with an average of 70 seconds.

Quick (612) originally published a curve in which pro-
thrombin concentration was plotted against time for coagul-
atién by his method, The curve was obtained by combining
the results obtained by measuring the prothrombin time of
plasme diluted to various concentrations with saline or
prothrombin-free plasma, Other workers have been 1nable to
duplicate this curve, and since such a curve would vary
according to the thromboplastin preparation used, and, in
fact, would differ from one animal to enother, values for
prothrombin time taken from such a graph cannot be considered
accurate, especially in the range from 50 to 100 per cent of

normal, To report the prothrombin time only in <econds 1is
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almost meaningless to other workers, and it is impossible
to compare results from different laboratories where teche
niques and reagents may not be the same., The problem of a
satisfactory method of expressing results has been frequently
discussed (615) (616) (627) and many have advocated the use
of one or more normal controls to check on the technique and
the strength of the thromboplastin (567) (629) (635) (691)
(653) (705)s In view of the difficulty of accurately sett-
ing forth values in terms of a "normal", because of indiv-
idual variations and variations from day to day in the same
Individval, and the factors of the thromboplastin prepara=-
tlon and the technique employed, the problem becomes exceed-
ingly complex and indeed virtually impossible to solve with
the present one-stage methods. In our investigation, enough
thromboplastin was prepared to last throughout our experiments,
and the potency of this preparation was checked at regular
intervals. Normal values were established for each rabbit
before liver damage was imposed. The velues are expressed
merely in seconds and while such results ceannot be compered
quantitatively wilth those obtained in other laboratoriles,
they provide a better basis for determining variations from
the normal in each animal,

The method used for the determination of plasma pro-

thrombin concentration was essentially Campbell's modifica-

tion (623) of Quick's procedure. About 1e¢5 mle cf blood

from the rabbit's ear vein was colle-cted in a emall beaker
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containing the dried oxalete mixture. The blood was cent-
rifuged and the plasma removed. If more than a trace of

haemolysis was present, the sample was discarded.

Determination of prothrombin time

Reagents

0.9 per cent sodium chloride ("saline")
M/40 calcium chloride solution

Thromboplastin suspension. Quickly remove the brain
tissue from a freshly killed rabbit and free it from
blood vessels by removing the meninges with a forceps.
Grind the tissue to a paste 1In a mortar and extract three
times with acetone. Dry the remaining tissue over-night
and grind it up to form a powder which should be stored
in the refrigerator.

To prepare enough thromboplastin for three determinations,
suspend O.,1 g, of dried thromboplastin in 2 ml,., of saline,
The solution is stirred until a uniform suspension is
obtained. Heat the suspension with stirring at 55° C. in
a water bath for ten minutes to destroy prothrombin act-
ivity. Cool the suspension end add 2 ml. of calcium
chloride solution., After stirring the suspension for 4
minutes, centrifuge the mixture for 4 minutes at 1700
repem., to remove the large particles. Pipette the clear
or slightly turbid supernatant solution into another test
tube. Warm the reagent in the water bath tc 37° C. be-
fore using it in the prothrombin determination.

Procedure

Dilute an aliquot of 0.1 ml. of plasma to 0,8 ml. with
saline. Into each of three test tubes (10 ml. capacity)
pipette 0,1 ml, of whole plasma. Into three more test
tubes pipette 0,1 ml. of diluted plasma. The tubes ere
warmed in a water bath at 37° C., The prothrombin time

1s taken as the interval between the time when 0.2 ml.

of thromboplastin-calcium chloride reagent 1s blown in-

to the plasma, and the time when a clot 1s formed which
can be caught on the end of the nichrome wire with wpich
the plasma-thromboplastin mixture 1s continuously stirred,

The triplicate determinations almost invariably checked

within 0,5 seconds for whole plasma, and 1.0 seconds for
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diluted normal plasma. When the prothrombin time wes pro=
1onged beyond 25 seconds, the end point became less sharp
and poorer checks were obtained,

A wide range of values was found for the prothrombin
time of diluted and whole plasma., The former varied from
10,0 to 23,5 seconds, the latter from 8,0 to 14,5 seconds.
However, lnspectlon of Table V shows that for any one rabbit,
the difference between the prothrombin time of whole and dil-
uted plasma was relatively constant 1In spite of these var-
lations, although occasionally the agreement was not as

close as in the following examples.

TABLE V

Prothrombin times in normal rabblts

Whole plasma Diluted plasma NDifference

Rabbit #13 10,0 1605 65
11.5 18,5 70

10,0 17 .0 7.0

11.5 17.0 545

Rabbit #16 11.5 18,0 6¢5
11.5 18,0 Be5

9,0 1545 645

14 5 21,0 665

11.0 18,0 7e0

10.5 19,5 4,0

13,0 19.5 6.5

10,0 17,0 7,0

Rabbit #18 10.0 13,0 249
11,0 14,5 345

11,5 15,0 3.5

13.5 1640 2,5

12,0 15,0 240

13,0 16,460 360
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Several times it was found that there was almost no
difference (0 to 1,5 seconds) between the prothrombin time
of dilﬁted and whole plasma, This anohdb-was noted three
times in one rabblit, and once in two others, Somewhat sim-
ilar aberrations have occasionally been reported by other
workers,

Allen et al (644) found several patients whose prothrom-
bin time was prolonged when whole plasma was used, but when
the plasma was diluted, the prothrombin time approximated
that of the dilutedplasma of the normal control, Shapiro et
al (649) encountered a rather similar condition, in which
the prothrombln time of whole plasma was prolonged to fifty-
one seconds, while that of dllutedplasma was only forty
seconds, a value within the normal range. The two-stage
method indicated that the prophrombin concentration was in-
deed normal, and the phenomenon was attributable to the
liberation in the blood of an excess of antlcosgulant =sub-
stances, which are'rendered ineffective by dilution. Fer-
guson (624) hes postulated that clotting inhiblitors may cause
clinical anomalies in prothrombin time determinatiors,
Macfarlane (549) draws attention to the fact that the add-
ition of thromboplastin to plasma from animals receliving
dicumaro) may actually inhibit coagulation. With the pres-
ent methods of prothrombin determination, aromalous results

are unavoidable,

A possible source of inaccuracy in our method lies 1in
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the collection of the blood in a beaker to which is added
first the amount of oxalate requlred by one and one half ml,
of blood. Because of the difficulty in estimating the exact
amount of blood which 1is collected, there is a certain var-
jation in the proportion of oxalate present. However, Stein
(616) has found that the calcium concentration mey vary
within rather wide 1limits without influencing the prothrom-
bin time. Probably the variations resulting in this menner

are much smaller than the normal daily varilations.

es Tyrosine tolerance test

In the application of the tyrosine test to rabbits, the
chilef modification necessary was in the analytical method,
Jankelson (493) originally used the Millon reaction, and ob-
tained a plnk colour which was graded from one-plus to three-
plus. Such a method would be of 1little value in a tolerance
tests Bernhart and Schneider (493) developed & more accur-
ate method using the Millon reaction and a photoelectric
colorimeter. However, their method requires at least 5 ml,
of blood for each determination, and is therefore unsuitable
for repeated use in a tolerance test in small animals,

The possibility of using Folin's phenol reagent was
studied, and a suitable method was worked out in which the
quantity of blood needed is small, the procedure simple, end

the degree of accuracy sufficient.
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Determination of tyrosine in blood

Reagents

N/12 sulphuric acid

10 per cent sodium tungstate

5 M sodium hydroxide
Folin-Ciocalteu reagent (see p.175)
Standard tyrosine solution

Procedure

To 146 ml, of N/12 sulphuric acid in a centrifuge tube,
add 0,2 ml, of blood from a blood pipette, and rinse the
pipette. Add 0.2 mle of 10 per cent sodium tungstate

and mix thoroughly. Centrifuge the tubes and decant the
supernatant liquid. To a test tube gradvated at 25 ml.,
add 1 ml., of supernatant, about 15 ml, of water, 1 ml, of
5 M. sodium hydroxide, and 1 ml, of nhenol reagent. Make
the volume up to 25 ml. with distilled water and mix by
pouring back and forth from the test tube into the colori-
meter tube. The tubes are read after 2 minutes in an
Evelyn colorimeter, using Filter #660. The discussion
concerning the stabilization of the colour which follows
the alkaline phosphatase method 1s equally applicable
here (see p.177)s The standard curve is nrrepared as
described on pagel76.

Up to 100 ml, of tyrosine per 100 ml, of blood may bhe
determined by this method, with an error of no more than 5
per cent. Tyrosine added to blood was quantitatively re-
covered, In studying the recovery of tyrosine, howsver, 1%
was necessary to use a solution of tyrosine in water, rather
than in hydrochloric acid, as the small amount of acid added
in this manner was sufficient to cause incomplete mr ecipita-
tion of the serum protein,

In humans, only traces of tyrosine are normally found

in the blood. In rabbits, this is not the case. Values
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between 18 and 35 mge. of tyrosine per 100 ml, of blood were
consistently found, and there was no significant difference
in the blood tyrosine in rabbits fasted, on a normal diet
or on an oatmeal diet,

Tyrosine 1s very insoluble iIn pure water (solubility
0.04 g+ per 100 ml.). It is therefore impractical to inject
tyrosine intravenously in solution; it must be given orally.
It was found that a suspension of tyrosine in water was ab-
sorbed as effectlively as a solution of the amino acid in
alkall or acid judging by the changes in blood tyrosine dur-
ing the perliod of absorption.

There was no significant change in the blood tyrosine
level during the three hour period following the ingestion
of 0,1 g. of tyrosine per kg. of body weight when samples
were taken at thirty minute intervals. A dose of 0.3 g. per
kg. of body weight was usually followed by a temporary rise
in the tyrosine concentration in the blood.

It was difficult to establish normal values for the
concentration of tyrosine in the blood following its 1nges-
tion. The shape of the curves of tyrosine vtilizatlon veried
considerably (see Figure 4). One animal persistently showed
a decreased concentration of blood tyrosine thirty minutes
following the ingestion of the amino acid, but showed a
return to the normal value, or even an increase beyond 1t
within an hour. The concentration of blood tyrosine three

hours following its ingestlon was sometimes higher, sometlmes
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lower, than the initlal value,

NORMAL IVER DAMAGE

Yo

MG,

1'YROSINI

TIME — HR.

Figure 4
Tyrosine tolerance curves

The results obtained in animals subjected to damaging
were also variable. In Figure 4 are shown several tyrosine
tolerance curves determined in an animal which was given
an oatmeal diet and a deily dose of 20 ml, of 24 per cent

ethanol. Bromsulfalein excretion tests were performed for

the purpose of comparison. After seven doses of ethanol,

there was an increase in the dye retention, but the tyrosine
tolerance curve was similar to that found in the animal be=

fore poisoning. After six more doses of etheanol, the brom-

sulfalein retention,still abnormal, had decreased slightly,

while the blood tyrosine level three hours after the ingestion
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of the amino acid had increased 30 mg, per 100 ml, above the
pre-test value. The third bromsulfalein test, after another
seven doses of alcohol, showed the same degree of dye reten-
tion,but the shape of the tyrosine tolerance curve was com-
pletely different, and the rise was much less. When the
animal was killed one week later, pathological studies of
the liver showed marked vacuolation and cloudy swelling
throughout the lobules. There was no correlation between
the degree of dye retention and the shape or height of the
tyrosine tolerance curves, nor was any regular pattern ev-
ident In these curves. In the limlted number of experiments
in which the tyrosine tolerance test was used, the results

were not promising.

2, Production of liver damage in animals. a, General con-

slderations.,
In our attempts to produce a slowly progressing type
of damage, the powerful hepatotoxins carbon tetrachloride,
chloroform, and phosphorus, were purposely avoided. A
number of less drastic damaging agents was tried. OGum
acacia was found impractical for prolonged experiments; large
quantities had to be injected daily, causing such irnjury
to the ear veins that it was impossible to perform more

than a few liver function tests on the animals. Gum aceclsa,

therefore, was abandoned. Neoarsphenamine was found to cause

necrosis, followed by blocking cf the vein, if the drug

found its way into the tissue surrounding the vein., However,
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neoarsphenamine proved to be a good damaging agent, if in-
-Jjected carefully into the vein, for it was necessary to
administer the drug only once or twlce weekly,

In general, a polson that can be given by stomach tube
i1s pr eferable to one which must be injected, in long term
experiments such as were undertaken in this work, where
injections had to be made frequently in the performance of
the tests, and blood samples taken repeatedly. On the whole,
the administration of drugs by stomach tube has proved very
satisfactory. With a little practice 1%t is possible for
one person to administer a liquild such as alcohol to a rabbilt
quickly and eadl ly.

In this Investigation, the susceptibility of the liver
to damage was increased by fasting the animals for varying
periods prior to the period of hepatotoxin administration,
and by maintaining the animals on a deficient diet during
this period., Because previous experiments in this labor-
atory had shown that an oatmeal diet increased the toxicity
of certain compounds in the rabbit, the animals used in this
investigation were fed oatmeal® during the damaging perilod
and a well-balanced dlet (hay, carrots, and Purina Chow)
during the period of recovery., A supply of drinking water

was always available,

¥ "Onwaker Oats"
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b, Galactose tolerance and bromsulfalein tests

In the first group of experiments several hepatotoxins
were given to rebblts, and bromsulfalein excretion and gal=-
actose tolerance tests were compared.,
1. Sulfanilamide

One gram of sulfanilamide¥per kilogram of body weight,
administered daily by stomach tube to two rabbits as a sus-
pension iIn water, proved very toxic.

Rabbit #8 After a fast of five days, the animal was given

a dlet of oatmeal. On the sixth to ninth days, 3.5 ge. of
sulfanilamide was administered dailly. The rabbit became

very sick on the ninth day and on the morning of the eleventh
day 1t died. An autopsy showed that the liver was pale
orange in colour, the depot fat under the skin was practic-
ally depleted, the stomach was full of hard undigested mat-
erial, and in the wall of the stomach were many haemorrhages.
In a pathological study, the liver showed marked fatty
changes throughout, especially in the central areas. There
were definite degenerative changes in the tubular epithelium
of the kidney, but no necrosis. The changes were not typical
of the massive necrosis found in true sulfanilamide damage

in humans,

Rabbit #7 The animal was placed on an oatmeal diet after a
four-day fast, From the fifth to the eighth day, 3.7 g. of
sulfanilamide was given daily. On the eight day the animal

was very letharglic, The performance of a bromsulfalein test

* "Streptocide" C.E. Frosst % Sons
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was attempted, but it was impossible to get more than a few
drops of blood to flow from the ear vein because of circul-
atory impairment. Instead, a test was done using blood ob-
tained by heart puncture. The results were only slightly
abnormal (21 per cent retention at 6 minutes and 6% per cent
at 13 minutes; normal values = 20 per cent at 6 minutes, 5
per cent at 13 minutes). The animal died on the tenth day,
having lost much weight during the period of administration
of the drug. Its normal welght was 3,99 kg.; after a fast
of 4 days it welghed 3.74 kg., and at death its weight had
fallen to 3Jd5 kge. At post mortem examination the liver app-
eared dark red in colour. The stomach was full, and the in-
testines almost empty. Pathological studies showed a sugg-
estlon of early degenerative changes in the central liver
cells, but this was indefinite and was confined to the
periphery. There was slight degeneration of the tubular

epithelium of the kidney.

ii. Alcohol

Among the most profitable experiments in this in-
vestigation were those in which alcohol was used as a hepat-
otoxin. Ninety-five per cent alcohol, diluted approximately
1 to 4 with water, was administered daily by stomach tube
to two rabbits and the results of the bromsulfalein excre-
tion and galactose tolerance tests were studied.
Rabbit #3 Before any alcohol was given to this rabbit, the

results of both tests were found to be normal., The animal
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was fasted for ten days, then given the customary diet of
Purina Chow, hay, and carrots. Alcohol was glven daily in
increasing amounts, and on the eleventh day the diet was
changed to oatmeal. The animal ate very little food and
lost welight rapidly.

Galactose tolerance tests were performed weekly, start-
ing on the nineteenth day, and on the day following each
galactose test, a bromsulfalein excretion test was performed.
Figure 5 shows the amount of alcohol given daily, the per-
centage change in weight, and the results of the tests.

In the upper graph the galactose index is plotted, and the
bromsulfalein test is represented by two columns, the first
being the retention of the dye at five minutes, the second
at twelve minutes after injection. In the lower graphs, the
concentration of galactose in the blood and the retention
of dye are plotted against the time after the iInjection.
The figures above each curve show the day on which that
test was performed. In the lefthand graph, the solid black
line represents the normal galactose tolerance curve found
in this animal before damaging was begun. The curve in the
righthand graph represents the normal excretion of bromsul-
falein from the blood. Because only two samples were taken

in the routine performance of the dye excretion test, the

results are represented by straight lines.
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Rabbit #3 died on the thirty-sixth day, having received
a total of 986 ml, of 24 per cent alcohol, an aversage dose
of 38 ml, per day for 26 out of 36 days. At post mortem
examination the liver was observed to be pale, small, and
very friable, and the kldneys appeared slightly enlarged.
Pathological studies showed extensive damage throughout
the whole liver and kidneys. The liver was full of fat, and
In addition showed necrotic changes. The convoluted tubules

of the kidney also showed a much increased fat content.
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TABLE VI
Rabbit #3
Da Total Amount Bromsulfalein Galactose Galactose
oay of Alcohol Test Test Index
_given
Before - Normal Normal 542
19 436 ml. Slightly Normal 440
abnormal
26 666 Slightly Slightly 656
abnormal abnormal
33 906 Very high Very high 780
retention retention
36 986 Rabbit died
Rabbit #4

The animal was fasted for fourteen days, then placed
on & diet of Purina Chow, hay, and carrots, which was changed
a week later to oatmeal. Alcohol was given dally, and start-
Ing on the fifteenth day, galactose and bromsulfalein tests
were performed weekly., The results mav be seen in Figure 6
and Table VII., The animal ate very little food and lost
weight continually. On the thirty-seventh day the results
of both tests were abnormal, and as it was feared the anim-
al might die, the original adequate dlet was again given.
The animal gained weight once more, although alcohol was
still being given, and after twelve days on this diet, showed
normal galactose and bromsulfalein clearances. The welght
levelled off somewhat and did not reach the normal levsl.
The animal was not studied further after the tests returned
to normal. The animal eventually died (136 days from the

beginning of the experiment ) when the investigator was absent,

and no post mortem examination was performed.
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TABLE VII
Rabbit #4
Total amount
of Alcohol Bromsulfalein Galactose Galactose
Day given Excretion Tolerance Index
15 317 Abnormal Normal 474
22 497 No change Normal 575
29 672 No change Normal 468
37 852 No change Abnormal 844
51 1207 Normal Normal 437

{111. Neoarsphenamlne

Neoarsphenamine was first administered in a dosage of
0,05 ge per kg. of body welght., The dose vas increased
when it was found to be fairly well tolerated. The drug
was given intravenously every third or fourth day to two

animals, and the results of the galactosc and bromsulfalein

tests followed.
Rabbit #5 The animal was fasted for fourteen days, then
glven Purine Chow, hay, and carrots for seven days; the

diet was then changed to oatmeal. After a slight prelimin-

ary rise in weight, the animal lost weight continvrally. On

the twenty-ninth and thirty-six th days tests were done (see

Table VIITI)s, The rabbit died on the thirty-eighth day, and

at post mortem examination the liver was small, vellowish,

and very friable, A pathological study showed wery diffuse

fatty changes throughout the lobules of the liver, with

patches of necrosis. The epithelium of the convoluted



197

tubules of the kldney was very much swollen and vacuolated,

.but there was no necrosis.

Day

Before
fast
1l

8

19
23
26
29

30
34
36
38

TABLE VIII
Rabbit #5
Dose of Neo- Bromsul- Galactose Galactose
Welight arsphenamine faleln Tolerance Index
Excretion
3,49
2,94 0e15 mge.
3,09 0615
3609 0,30
0,30
2,95 0,30
2.88 Abnormal Slightly 618
abnormal
294 0,30
2,71 0,30
2,65 Very high Very high 694
2,54 Animal dled

Rabbit #6 The animal was fasted for 14 days, then given

Purina chow, hay, and carrots for seven days; on the eighth

day the dlet was changed to oatmesal.

usual among those being poilsoned,

This rabbit was un-

in that its svpetite wasqs

tremendous and it gained weight until it reached its mre-

fasting level, and did not lose weilght again until the dose

of neoarsphenamine was raised to three times the original

level (see Table IX).



198

TABLE IX
Rabbit #6

Bromsul-
Dose of Neo- falein Galactose Galactose
Day Welght araphenamine Excretion Tolerance Index

Before

fast 2.82

1l 2,07 0.15 o

8 2452 0.15

19 2,72 0.27

23 0427

26 2.85 0,30

29 2481 Slightly Normal 402
sbnormal

30 2483 0,30

34 2476 0.30

36 281 No change Normal 424

37 2.82

39 2.82 0445

43 2.77 0445

46 2.78 0.45 No change Normeal 524

52 271 High Normsal, 53A
retention

At this point unfortunately the rabbit's ears were SO
badly demaged that it proved impossible to carry out any
further tests; however, the animal had begun t° lose welght,
end the change in bromsulfalein retention jndicated that

liver damage had occurred.

¢+ Prothrombin time, serum phosphatease and bromsulfalein

test

The second group of experiments was performed durirg

the summer months, Efforts to control the conditicns adequate-

Y i 1c,e
ly failed because of a number of deaths among *the anima.
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Several rebbits died in the early evening or during a week-
- end, and because considerable decomposition had occured when
the deaths were discovered, it was useless to perform path-
ological studiles. However, in a few rabbits excellent results
were obtained., Variations 1in prothrombin time, serum alkal-

ine phosphatase activity, and bromsulfalein excretion were

studied In these animals,

i. Ethyl alcohol and oatmeal

Control tests were performed on two animals, and after
an eight-day fast, oatmeal was given and the daily administ-
ration of ® to 30 ml. of 24 per cent alcohol was begun.

Rabbit #11 went into a coma and died after the second dose

of alcohol was given. No post mortem exarmination was made.

Rabblt #12 died immediately after the ninth dose of alcohol.

No liver function tests had been performed. The animal's
normal weight was 4.5 kg. After the fast it weighed 4.0
ks, and at death its weight had fallen tc 3.6 kg. A%
post-mortem examination, the lungs were found to be somewhat
haemorrhagic., The liver showed marked vacuolation of the
hepatic cells, chiefly in the midzonal region, but extend-

ing throughout the lobule. Some nuclel were pyknotic, others
swollen. The cytoplasm was granular,
11, Methyl alcohol and oatmeal

Control tests were made on two animales. After an

elght-day fast, the rabbits were given an natmeal diet and

daily administrations of approximately 25 ml. of 1 ner cent

methanol,
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Rabblt £15 The animal died after 21 doses of methanol, on
she twenty-eighth day after the first administration. The
animal's weight hed fallen from 2.8 kg. (before fasting) to
1,7 kg. at the time of death. The haemoglobin concentration
just before death was only 8.3 g./lOO ml. of blood.

Some liver function tests had been performed on this an-
imal, On the thirteenth day the dye excretion showed the
same degree of abnormality as in the fasting esnimal. Reten-
tion was increased on the nineteenth day, and on the twenty-
seventh day, two days before death, tﬁé retention was 75 per
cent at five minutes, and 40 per cent at twelve minutes.
Prothrombin times were never proldﬁged; the prothrombln time
of whole plasma varied from 10,0 to 11.5 seconds, of dilute
plasma from 16,5 to 18,5 seconds and the difference from 5.5
to 7.0 seconds, The animal's serum showed no phosphatase
activity both during the control period ard on the thirteenth
day of methanol administration. On the nineteenth day the
phosphatase value was fifteen units, and two days before
death 1t had fallen to five units.

An autopsy immediately after the animal's death Indle-
ated that the rabbit had died as a result of intestinal ob-

struction. The large intestine was distended with gas. The

small intestine contained frothy yellow bile. The liver was
small but not friable. Pathological studies showed only very
mild degenerative changes in the central vein area; tre swoll=-

én parenchymal cells had granular cytoplasm and swollen, pale

nucleti,
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Rabbit #14 The animel received 22 doses of methanol in 29
~ days, and tests were performed on the thirteenth, nineteenth,
twenty-seventh, and thirty-fifth days. The weight fell from
4,0 kg. to 2.5 kg. during the experiment. The haemoglobin,
however, normally between 10 and 12 g. per 100 ml. of blood,
did not go below 9 g. Serum phosphatase activity in this
enimal before methanol was given was 19.8 and 22 writs (see
Table IV)., During the administration of the poison, the
gserum phosphatase level varied from 5 to 7 units, and finallvy
no activity was demonstrable, The difference between the
prothrombin time of dilute and whole plasma fell, too, from
5.5 seconds to 5.5, and finally to 1,0 second. The first and
second dye excretion tests showed a retention similar to that
found in this animal when fasted; in the third and fourth
tests the retention had decreased to the normal level.

The animal died on the thirty-ninth or fortieth day of
the experiment (during a week-end) and because of the extent

of decomposition, no pathological studies were made.

111 Alcohol and Purins Chow
Rabbit #17 After normal values had been established for

this animal and it had undergone an eight day fast, a well-
balanced diet of Purina Chow, hay, and carrots was given,
and the daily administratior of ethyl alcohol (20 ml. of
24 per cent ethanol daily) was commenced. The snimal died

during the middle of the night following the fourth dose

of alcohol. The cause of death was not aoparente.
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Rabbit #18 This enimal, undergoing the same treatrent as

#17, was fasted for eight days and then given a diet of
Purina Chow, hay, and carrots. Starting on the ninth day,
administration of alcohol was begun. On the thirty-eighth
day alcohol administration was stopped, and on the forty-
eighth day a diet of oatmeal was given. Seven days later
alcohol was once more administered, but the animal died on
the sixty-first or sixty-second day (during a weekend) and
no autopsy was performed.

The results of this experiment are shown in Figure 7.
The prothrombin times varied only slightly and never became
abnormal. Serum phosphatase activity was rether constent,
and was never appreciably higher than the value of 13 inits
found in the fasted animal, Bromsulfalein retentlion was
never high, but there was possibly less retention after al-
cohol administration was stopped. This animal showed only
a slight increase in dye retention when fastec, and the
degree of retention in the fasted animal resembled strongly
the retention found in the animal after alcohol ingestion,
and at five minutes in the test performed after oatmesl was
given instead of Purina. (Unfortunately the tube containing
the twelve-minute sample was broken in the centrifuge).

The animal regained much of its original weight during
the period of alcohol and oatmeal ingestion, but the welight
levelled off and was never higher than ninety-three per cent

of the pre-fasting weight. On the oatmeal diet, the animal

rapidly lost weight.
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Figure 7 Rabbit #18

ive DDT

Because of the widespread use of DDT as an insecticide,
it was felt that a study of its effects on the liver should
prove of interest,

Three grams of DDT was dissolved in 100 ml, of hot
éthanol. The compound was precipitated in finely divided
form by adding 0,15 ml, of the solution to about 20 ml, of
water, in which the compound is insoluble. The water sus=-
pension was administered by stomach tube daily to two rabbits

which were on an oatmeal diet following an eight-day fast.
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Rebbit #19 died after only three doses of DDT, At this
point a bromsulfalein test was performed on Rabbit j#20,

The animal retalned 40 per cent of the dye fourteen minutes
after the injectlon, when normally only traces of the dye
should be present. After three more doses of DDT, the an-
imal's serum was greenish-yellow in colour, and the haemo-
globin concentration had fallen to 6.6 g. per 100 ml, of
blood. The phosphatase activity was normal (7 units) and
the difference between the prothrombin time of dilute and
whole plasma, always low in this animal, fell a2lmost to zero,
The dye retention, still abnormal, was only 27 per cent at
thirteen minutes, a value less than that found in the prev-
lous test. The animal was very weak on the day following
these tests; its weight had decreased from 4 kg. to 2.8 kg.
It died that afternoon, and a2 series of unavoidable incid-

ents prevented an autopsy.

Because of the extremely toxic effects manifested by

DDT, an attempt was made to repeet these experiments. Two

more animals were fasted for five days, thenplaced on 2 diet

of oatmeal. Over a period of one month DDT was given dally

and the dose was gradually increased to 4,0 mge Der daye

Rabbit #24 lost very little weight and its haemoglobin re-

mained within the normsl limits. Towards *the end of the

period of DDT administration, the dye retentlon was very

slightly increased and the prothrombin time slichtly prolonged.

When DDT administration was stopped and the Purins dlet



205

given agalin, the animal quickly regained the weight it hed
.Jlost and 1ts dye retention returned to normal, but there
was no change in the prothrombin time,

Rabbit #25 showed essentially the same changes as #24, al-

though the decrease 1in weight and haemoglobin was somewha*
greater. Dye retentlon after a month of daily DDT adminic-
tration was 12 per cent at twelve minutes, a value only slichtly
above normal. When the administration of DDT was stopred and

a well balanced diet was given, dye excretion, weight, and
haemoglobin returned to normal, but the prothrombin time

remalned prolonged.

ve Oatmeal alone

Because of the possibillity that an oatmeal dlet in 1it-
self might cause damage to the liver, two rabbits were fed
oatmeal for several weeks, and prothrombin time, serum phos-
phatase, and excretion of bromsulfalein were studied.

Rabbit #15 After eneight-day fast, the animal was given an

oatmeal diet, and tests were performed on the eleventn,
elghteenth, twenty-fifth, thirty-second, thirty-ninth, forty-
sixth, fifty-sixth, and sixtieth days. On the twentv-fifth
day the greenish-yellow ~olour of the serum showed the pres-
ence of jaundice, which was found to be more severe the foll-

owing week,
In Figure 8 will be seen the results of the tests in

Rabbit #15. Each five-=-day preriod is marked off by & small

black rectangle. The top graph shows the changes 1in welcht,
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caleculated as per cent of the weight of the animal before

. fasting, and the degree of jaundice. The second graph shows
the bromsulfalein retention at five and 12 minutes following
injection of the dye. In the third graph, the white column
represents the prothrombin time of whole plasma, the black
column that of dilute plasma, and the grey column the d4diff-
erence between the two. The fourth graph shows the serum

phosphatase activity expressed in units.
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Rabbit #15 lost weight rapidly when fed only oatmea

r higch, and the
The retention of bromsulfalein became very D185,

serum phosphatase activity gradually f{ncreased.
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elghteenth day the prothrombin times were prolonged, and

although they were lower the following week, the difference
between the prothrombin time of the dilute and whole rlasma
was prolonged to almost the same degree (ten seconds), On
the thirty-second day the difference was seventeen seconds,

and a week later 1t had risen to thirty-one seconds.

given again. The rabbit's welght gradnally returned to norm-
al, Jaundice disappeared, dye retention diminished, and the
prothrombin time was shortened. Although the difference be-
tween the prothrombin times of dilute and whole plasma was
eleven seconds on the fifty-sixth day, control tests on norme-
al animals showed that the activity of the thromboplastin
preparation had diminished. A new batch of thromboplastin
was prepared, and the prothrombin times, although longer

than those found before oatmeal was cgiven, were found to be
of the same magnitude as that of a normal animal. The serum
phosphatase level fell only slowly, and on the eighty-fourth
day was 16 units, a value well =bove the normal level of 5

to 7 units for this animal,

Rabbit #16 Although this rebbit was maintained on exactly

the same regime as Rabbit #15, it was much more capahle of
withstanding the adverse effects of a deficient diet., Less
weight was lost, and jaundice was never noted (Figure 9).
The prothrombin times never exceeded the normal limits of

variation, the prolongaticn observed in the last two tests
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peing due to changes in the thromboplastin preparation. Ser-
. um phosphatase activity decreased during the period of dam-
age, and increased during the recovery period. The dye re=
tention, however, became abnormel when the oatmeal diet was
glven. Although the amount of retention did not parallel
the loss in weight durlng the period of damage, it did de-

erease in a regular fashion during the recovery period,



DISCUSSION OF RESUIT S

The difficulties inherent in the problem of studying
the functions of the liver have been summarized by lann (21)

"The capacity of the liver to carry on its many functlons
1s greatly in excess of the normal needs of the organism,
The capaclty of the liver to perform its functions is
dependent on many factors, and may change with extreme
repldity. A decrease in one of the functions of the
liver does not necesserily mean thet all functions, or
any other one of 1its many functions, are equally impaired
or even at all injured. There seems to be a dissoc-
lation of functions in the liver, so that 1t is poss-
lble for one to be defective 1In an otherwise normally
functioning organ ... The liver maintalins all its known
and therefore all its possible measurable functions

with extreme stubbornness".

The tests studied iIn this investigation measure several
different functions of the liver, namely, the ability of
the liver to excrete substances into the bile, and to cat-
abolize and anabolize carbohydrates and proteins. Because
these functions are presumably performed by different enzyme
systems, it should be possible partially to inhibit one of

these systems without affecting the others.

In our investigation, there was rather cood agreemen®

between the results of the galactose tolsrance and the brom-

sulfalein excretion tests. There was, however, nd abeoclute

correlation between the degree of dye retentlion and the

height of the galactose index. In Rabbit #3 (see ». 194 )

a galactose index of 780 was found when the retention of
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dye twelve minutes after the injection was 78 rer cent.,
Rabbit #4, on the other hand, had a galactose index of 844,
when the retention of dye, although abnormal, was only 25 per
cent at twelve minutes,

The bromsulfalein test was always abnormal before any
change was found in the clearance of galactose, At times,
there would be little change from week to week, in the rate
of removal of bromsulfalein from the blood once this function
was shown to be abnormal, while the galactose test would show
a distinct change in the carbohydrate metabolic capacity of
the liver. However, never was the ability to remove brom-
sulfalein from the blood found to he improved while the gal-
actose test indicated an increase in liver damage. The brom=-
sulfaleln test detected liver damage before the galactose
test showed any abnormality, but in cases of severe liver
damage the galactose test was always abnormal. In the two
rabbits (#3 and #5) which died during the experiment, the
detention of dye and the galactose index immediately befors
death were very high, and pathological examiration of sec-
tions of the liver confirmed that the organ had been severely
damaged,

In the second group of experiments the sensitivity of
the bromsulfalein excretion test was agaln demonstrated.

The prothrombin time, on the other hand, was significantly
prolonged only in Rabbit #15, when the animal suffered from

jaundice (Figure 8). The greatest prolongation of prothrombin
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time in this rabbit was found during the period of recovery,
after the oatmeal diet had been discontinued. However, in
this case the prothrombin time was determined on the day
following the performance of the other tests, and the anime
al's haemoglobin concentration had fallen to 7.0 g, per 100
ml. of blood, presumably because of haemodilution. In the
normal animal, prothrombin lost by haemorrhage or by plasma-
phoresis is rapldly regenerated (555) (614). Warner et =1
(553) bled a dog so that the haematocrit was kept at or below
the level of 27 per cent for over a month; the prothromhin
concentratlion as measured by the two-stage method varied be=
tween 93 and 108 per cent of the normal value, Elliott (559)
found that weekly bleeding did not significantly ~ffect the
prothrombin time in rats. It 1s reasonable to assume, how=
ever, that in an animal with a severely damaged liver (indic-
ated by the presence of jaundice, a high degree cof dye reten-
tion, and increased serum phosphatase activity), the prothrombin
lost through haemorrhage would not be replaced as rapidly as
In the normal animal,

The variations in serum phosphatase found ir the normal
rabbits (see p., 178) were also evident in the animaels dvring
the period of poisoning. Only in Rabbit #15 was there &
significant increase in the phosphatase activity during the
period of damaging, and a decrease in the activity during the
recovery period, In other rabbits a decreased phcsphatase

activity was noted during the damaging period, increacing tc
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normal values after the ces=ation of the treatme:t, O +ha
.whole, little significance could be attached to the varig-
+ions in the serum phosphatase level. The normal variations
in serum phosphatase activity in our animals were <o great
that epparently the presence of extencive damage wa< necess-
ary before the phosphatase level rose significantly.
In the calculation of the retention of bromsulfaleir in

the blood, the assumption is made that the blood volume is

10 per cent, and the plasma volume 5 per cent of the body
welght. A decrease in the haematocrit tends to decrease the
apparent degree of retention, while a decrease in the total
blood volume has the opposite effect. The importance of
these variations 1n plasma and blood volume cannot be ignored,
especlally in severe liver damage. Because of its role in
the synthesis of the plasma proteins, the liver plays an im-
portant part in the regulation of the blood volume. Soffer
(87) observed a marked haemoconcentration in dogs in which
severe liver necrosis had been produced by administration of
arsphenamine., This haemoconcentration is prohably related

to the acldosis which 1s found in many cases of liver darsge.
Daft et al (175) report that severe liver damage 1s accompan-
led by a conspicuous shrinkage in the blood volume. Adler

et al (785) found that animals and humans with severe liver
damage suffered more severe haemodilution after a standard
dose of fluld than did normals. That the R.E. cells, to=,

are concerned in water metabolism is indicated by the singular
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observation (786) that intravenous injections of collotdal

- gilver result temporarily in an alteraticn in the water
vpalance of the body. Because of the importance of water
shifts in the regulation of body temperature, variations in
the rlasma volume will be found especially during the summer
months. Water shifts have also been reported in animels in
response to changes in the barometric nressure (791).

In humans, liver disease of long standing is commonly
associated with anaemia. It 1s generally assumed that the
presence of liver damage interferes with the storage or
metabolism of the haematopoletic principle. In our exper-
iments, the rabbits whose livers were damaged showed evid-
ence of blood destruction, imparied regeneration of red cells,
or a combination of these factors. In many cases, after a
long period of poisoning, the haematocrit decreased to about
one~half of its normal value. Presumably there was also a
shrinkage of blood volume, for in several of these animals
a concentration of dye was found in the bhlood which womnld
correspond to a retention of more than 100 per cent of the
dye injected. In such cases, the abnormally high retention
was considered as 100 per cent, and the concentration of
bromsulfalein in the second sample was recalculated acrord-
ingly. While this procedure is not entirely accurate, in
the cases where it was used the condition of the animal was
apparently so poor that a slight degree of inaccuracy was

not misleading,
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The possibllity of changes in the haematocrit and the
_plasma and blood volumes 1is very real in both normal and
demaged enimals. The suggestion of Robinson (776), that in
the clinical use of the bromsulfalein test the bloongd volume
of the patient should be determined, is an excellent one.

There 1s a difference of opinion concerning the value
of dye excretion tests 1n jaundice. Interference with the
excretion of bilirubin in the bile would presumably hinder
the excretion of bromsvlfalein. In catarrhal jaundice,
however, complete retention of dye In the bloodstream is
not invariably found (789) (384). Greene (787) reported
that in jaundice, the retention of phenoltetrachlorphthalein
ran closely parallel to the increase in serum bilirubin con-
centration, Plersol and Bockus (788), however, did not find
such a correlation. While the results of the bromsulfalein
test In jaundice are difficult to interpret, it is of inter-
est to note that in Rabbit #15, the degree of dye retention
paralleled the severity of the jaundice.

The recent studies which heve demonstrated the import-
ance of the R.E, cells in the removal of bromsulfelein from
the bloodstream (see p. 85) raisethe question as to whether
the bromsulfalein test should be considered a test of liver
function., Little work has been done to study the effects
of hepatotoxins on the cells of the R.E. system. A close
relationship between the R.,E. cells and the parenchymal cells

of the liver is indicated, however, by the observation thet
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a depletion of liver glycogen results in an increased reten-
tion of dye in the bloodstream.

Here the Important question arises as to whether o glv-
cogen-depleted liver is a damaged liver. Certainly such s
1iver functions less efficiently than when the 1iver. glycog=-
en concentration is high, and it is more susceptible to the
effects of toxic agents. The degree of dye retention in the
first bromsulfalein test performed after administration of
the hepatotoxins was begun was similar in several arimals to
that found in the same animal during a fast. Further damage
resulted in an increase in dye retention above this level,
These findings suggest that the filrst effect of a hepatotox-
in is the depletion of the liver glycogen.

A diet of oatmeal alone was sufficient to cause jaund-
ice in Rabbit #}5. The cause of the toxicity of oatmeal
was not determined. There are, however, several possible
reasons for its damaging effect. Although thils foodstuff
contains a high proportion of carbohydrate and is rich in the
vitamin B complex, the fact that its protelin is of plant origin
suggests that it may have been deficient in some of the nec-
essary amino acids. No data concerning the content of sulprur-
containing amino-acids were available. Because oatmeal con-
talns a large amount of phytic acid and a high ratlo of
Phosphorus to calcium, not only is its calcium of 1ittle
value to the body, but it tends to deplete the calcium stores

of the body. The relation between calcium and liver damage
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1s not entirely clear, but the recent work of Cantarow et
al (168) indicates that liver damage is less severe when the
body contains an adequate supply of calcium.

Oatmeal is an acld-forming food in the body and as a
result causes a depletion of the liver glycogen (790). The
relationship between lliver damage and acidosis (see p. 42 )
1s another problem worthy of investigation.

The high toxicity of DDT in the first experiments per-
formed during the summer was unexpected. The possibility
that the jaundice shown by Rabbit #10 was of haemolytic or-
igin 1s suggested by the observatlon of a concomitant low
haemoglobin concentration of 6.6 g. per 100 ml. of blood,
and a dye retention of only 27 per cent thirteen minutes
after injectlion.

In the autumn, a second pair of rabblts was subjected
to much more severe treatment than that which caused the
death of the first palr, yet these rabblits showed few signs
of damage to the liver. Although the haemoglobln fell to
about 7 g. per 100 ml. of blocd in both rabbits, jaundice
was never noted. The same solution of DDT was used in both
series of experiments.

Two possible explanations may be offered for the great
differences in susceptibility noted above. Not only 1is the

mortality rate of untreated animals higher in summer than in

winter, but the toxicity of many chemical substances varies

widely from season to season (792). Second, whereas the
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first two animals were "Flemish Glants" (large white rabbits
welghing about 5 kg ), 1t was impossible to obtain more of
these animals for the second experiment, and the more common,
small, stocky type of rabbit (weighing about 2 kg.) was used.
A1l of the animals which died for no apparent reason during
the series of experiments in which prothrombin time and ser-
um phosphatase were studied, were "Flemish Giants"., It is
possible that this variety of rabbit is less ruggéd than the
animals usually used, especially during the summer months.

Sulfanilamide in the amounts used, was too toxic to be
of value as a hepatotoxin. The drug is a strongly alkaline
compound; one of the rabbits (#8) showed symptoms of tetany
shortly after receiving the fourth dose of the drug. Meth-
anol in the dose used in this investigation showed little
toxicity for the liver. Both neoarsphenamine and ethanol,
when administered to rabbits on a defficient diet, were cap-
able of producing severe liver damage.

Throughout this investigation, a close relationship
was evident between the loss of appetite (and consequently
welght) and the presence of liver damage as judged by the
results of the tests. Rabbit #6, which ate heartily and
galned weight while on an oatmeal diet, showed no abnormal-
ity of dye retention after administration of neoarsphenamine
until i1ts weight began to decrease. Rabbit #5, recelving
the same treatment, lost weight continually and suffered

severe liver damage. Prior to the experiments described on
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page 205 rabblts #5 and #16 were subjected to a two-week
fast, followed by a two-week period on a diet of oatmeal

and a similar perlod on the ordinary well-balanced laborat-
ory diet of Purina Chow, hay and carrots. It was noted that
whereas Rabbit #16 was able to maintain its weight while
being fed oatmeal for two weeks, its partner lost weight
almost as rapidly as during the fasting period. The degree
of damage and the loss of welght later induced in each rabbit
by prolonged periods on an oatmeal diet bore an interesting
relationshlp to the preliminary experiments in that Rabbit
#15 withstood much more poorly than #16, the deleterious
effects of an oatmeal diet. Another example of the relation-
ship between loss of weight and susceptibility to liver
damage 1s provided by Rabbit #18, which suffered little in-
jury to the liver from the dalily administration of ethanol
when fed a well-balanced diet; during this period there was
little change in the animal's weight.

In the experiments in which liver damage and loss of
welght are associated, it is difficult to say which is the
cause and which the effect. Quite possibly there is a rec-
iprocal action, in that the combination of a poor diet and
a decreased food intake is incapable of replacing adequately
the stores depleted by fasting, and the liver damage prod-
uced is not conducive to hearty appetite.

Throughout this investigation great variation was noted
in the resistance of the animals to the effects of hepatotox-

Ins. Whereas an oatmeal diet alone was sufficlent to produce
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gsevere liver damage 1n one animal, others were resistant to
the damaging effects of such a diet even when accompanied by
the administration of a damaging agent. Because of the time-
consuming nature of the experiments, it was not possible to
collect sufficient data to permlt an accurate analysis of
the parts played by the diet and the toxic substances admin-
jstered. That the diet was important in the production of
liver damage cannot be denied. However, since neither
Rabbit #4 nor #18, on a well-balanced diet, was able to re-
gain entirely its pre-fasting welght when ethanol was ad-
ministered repeatedly, it is probable that alcohol itself
exerted a depressing effect upon the liver.

There are two important factors to be considered in the
evaluation of a liver function test. The first is the spec-
ificity and sensitivity of the test, and the second, the
ease with which it may be performed. This latter Includes
both the period of time during which the samples must be
taken, and the simplicity of the analytical procedure.

In small animals, factors enter which are of 1little
importance clinically. It is useless to perform the cephalin-
cholesterol test, for the serum of almost every animal yields
a strongly positive result. In the performance of a test
such as the hippuric acid test, it is the amount of benzolc
acid detoxified within the first hour or two after 1its ad-
ministration that indicates the condition of the liver; in

small animals it is difficult to secure complete urine
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samples at definite time intervals. The collection of twenty-
four hour urine specimens (e.g. for the determination of
urobilinogen) necessitates the use of a metabolism cage.

The most satlsfactory type of test for use on an animal is

one in which a substance is estimated in the blood, rather
than the urine. In small animals, the size of the blood
sample reduired is of great importance.

The bromsulfaleln test is easily and quickly performed
and the analysis is simple, requiring only 0.5 ml. of serum.
Seeler and Juna (263) have devised a micro method for the
determination of bromsulfalein serum but the method described
on p. 167 1s more useful in that 1t may be used in the pres-
ence of haemolysis.

Although the galactose tolerance test requires very
small blood samples, it is time-consuming and cumbersome.

For routine work, both the galactose and the bromsul-
falein tests may be simplified. In the latter test, the
retention of dye in the twelve-minute sample 1s more sig-
nificant than that in the sample taken four to five minutes
after the injection,when high values, presumably the result
of incomplete mixing of the dye with the blood, are occasion-
ally found. In the galactose tolerance test, the five-

minute sample of blood yilelds little information the other

two samples do not give. In fact, the concentration of

galactose in the blood three hours after the iInjection 1is
frequently a good indicator of the animal's tolerance to

galactose, although in borderline cases the one-hour sample
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From the viewpolnt of simplicity, the prothrombin time
and serum phosphatase determinations are well suited for use
with animals. No Injectlions are required, a single sample
may be used, and the analytical procedures are relatively
simple.

In this investigation, a combination of tests such as
was employed in the second set of experiments proved quite
practical. After sufficient blood had been obtained from
the rabbit's ear for the estimation of haemoglobin, serum
phosphatase, and prothrombin time, bromsulfalein was injec-
ted and samples collected. With care, it was possible to
obtain all the samples for one group of tests from one cut
in the marginal vein of the ear, with the result that ex-
cess scarring was avoided. In one animal, the group of
tests was repeated weekly twelve times with no difficulty.
Although the serum phosphatase activity prothrombin time
were little influenced by mild liver damage, in animals
receiving severe treatment such a combination of tests
should prove of value. The addition of a galactose tolerance
test (using only one blood sample) would yield more inform-
ation with little extra effort.

In the repeated performance of a number of liver func-
tion tests in a small animal such as the rat, it 1s essentlal
to use a group of determinations which can be performed on

& single sample of blood. The difficulties attendant upon
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collecting blood from a rat's tail necessitate the use of
heart punctures, with the result that tolerance tests be-
come impractical, unless it 1is possible to perform other
analyses upon the sample of blood contalning the injected
material. The work done in this investigation shows that
the quantities of blood reguired for most determinations

may be greatly reduced.



CONCLUSIONS

The galactose tolerance and bromsulfalein excretion
tests, and the determination of prothrombin time and serum
phosphatase activity can be performed easily on rabbits and
require small quantities of blood. Such a group of tests
may possibly be carried out on a smaller animal such as the
rat.

Slowly progressing liver damage (detected by liver
function tests and by pathological studies) may be produced
In rebbits after periods of fasting by a deficient diet
alone, or in combination with alcohol or neoarsphenamine.
Loss of body welght is closely associated with the progress
of the liver lesions. The toxicity of a diet of oatmeal
mey lle in its capacity to produce acidosis in the body.

Of all the tests studied, the bromsulfalein test 1s
the most sensitive\in the detection of liver damage. How-
ever, when interpreting dye retention data, the influence
of changes in blood and plasma volume cannot be ignored.
Retention of dye is increased during fasting; although the
degree of dye retention 1is rather constant in fed animals,
fasted animals show a wide variation in the removal of dye

from the blood stream. However, the retention is rather

constant for any one animal.
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Galactose tolerance and prothrombin time are markedly
b mal when the liver is severely damaged. Fluctuations
abnor
i i y i
erum phosphatase activity are of signiflcance onl n
ns

the presence of severe hepatlc damage.
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