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Although elevated concentrations of serum bile
acids have frequently been demonstrated in pa-
tients with liver disease (2, 3), little other infor-
mation concerning the effect of hepatic impairment
on the metabolism of these substances is known.
Josephson (4), utilizing a nonisotopic intravenous
cholic acid tolerance test, found that obstructive
jaundice could be differentiated from hepatopa-
renchymal disease by increased retention of cholic
acid in the serum 5 and 30 minutes after injection
of a 0.5-g test dose. More recently, Carey (2)
showed that the ratio of concentrations of serum
trihydroxy- to dihydroxy-bile acid, rather than the
absolute concentrations in patients with liver dis-
ease, may provide important diagnostic and prog-
nostic information.

In the present study, bile acid metabolism in hu-
man liver disease was further investigated after
the intravenous injection of isotopically labeled
cholic acid into patients with Laennec’s cirrhosis
and into normal subjects. Comparisons were then
made of the first 60-minute plasma clearance of
radioactivity, the rate of conjugation, and the late
clearance of plasma cholic acid in both groups;
finally, from these data and the plasma cholic acid
concentration, cholic acid pool sizes and turnover
rates were calculated in the cirrhotic group.
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The use of isotopic bile acid had several advan-
tages : First, it circumvented the need for amounts
of test material large enough to alter bile acid
physiology. Second, it permitted the detection of
cholic acid and its derivatives in body fluids with-
out the need for complex chemical measurement,
purification, or both. Finally, changes in specific
radioactivity permitted evaluation of bile acid
kinetics.

Methods

Materials. Cholic acid-24-C 1 (SA 16.1 uc per mg)
was purified before injection by preparative two-dimen-
sional silicic acid thin layer chromatography utilizing the
following solvent systems: 1) acetic acid: ethyl ether
(1:9) ; 2) isoamyl acetate : propanol : propionic acid: wa-
ter (4:4:3:2). Deoxycholic and chenodeoxycholic
acids-24-*C 2 were similarly purified. Purification of
commercially available isotopic material was found to be
necessary in all instances.

Tritiated cholic acid (SA 1 mc per mg) was prepared
by the Wilzbach method (5) and lts purity verified in
the above solvent systems.3

Conjugated bile acids used as test materials were syn-
thesized by the method of Norman (6) from the isotopic
nonconjugated acids.

Florisil used in column chromatography was prepared
by the method of Carroll (7).

Patients and control group. Nine patients with a clini-
cal diagnosis of Laennec’s cirrhosis, confirmed in most
cases by liver biopsy, were selected for study (Table I).
None was azotemic or in hepatic coma when studied, al-
though the majority had ascites and were undergoing
diuretic therapy. Age, sex, and liver function tests are
listed in Table I. The control group, consisting of seven
patients similar in age to the cirrhotic group, was hos-
pitalized with no clinical or laboratory evidence of liver
or biliary tract disease.

1 New England Nuclear Corp., Boston, Mass.

2 California Corp. for Biochemical Research, Los An-
geles, Calif.

3 We are grateful to Dr. S. Grundy, Rockefeller Uni-
versity, New York, N. Y., for supplying this material.
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TABLE I
Clinical information and bile acid data

Clinical information

Sex/ Bilirubin Albumin/

Prothrombin

time/patient Esophageal

age direct/total globulin over control Ascites* varicest
mg/100 ml £/100 ml seconds

M/56 5.8/ 9.3 2.3/4. 20/13 + +
F/48 10.2/14.2 2.6/3.8 21/14 ++ +
M/60 1.6/ 3.0 2.5/4.0 20/13 +4 +
M/62 /1.8 3.3/3.6 22/14 ++ +
M/42 / 14 2.4/3.8 19/13 ++ +
M/54 / 1.0 3.0/4.0 16/13 +
M /40 6.4/ 8.4 2.8/3.1 “21/14 ++
M/38 11.4/14.0 3.1/3.3 26/14 ++ +
M/60 1.6/ 4.0/3.0 22/14 +

Mean

Cirrhosis

Mean

Normal Present study (7 subjects)

Other authors

* 4+ = physical signs without increased abdominal girth; +-+ = increased abdominal girth.

1 By radiology or esophagoscopy.
Ity = half-(l):lgme.

? Sandberg and associates (gas-liquid chromatography) (3).

Lindstedt (bile) (8).
Highest value in four normal subjects.

Methods. Labeled materials were dissolved in sterile
5% NaHCOs solution and were sterilized by passage
through an 0.8-u filter 4 before intravenous injection. The
dose of cholic acid-24-*C ranged from 4 to 15 uc, whereas
two cirrhotic patients received 30 and 33 uc of tritiated
cholic acid. Serial plasma specimens were obtained from
a vein other than the one injected 10, 20, 40, and 60 min-
utes, and then daily, after injection.

Plasma isotope fractionation. Bile acids were extracted
from plasma with 5 vol of isopropyl alcohol at 65° C for
30 minutes. After centrifugation at 1,800 rpm for 10 min-
utes, the supernatant was evaporated to dryness and the
residue redissolved in 3 ml of absolute methanol. This
portion was then applied to a chromatographic column
of 15 g of Florisil. Isotope separations were carried out
by a technique described in part previously (9) by utiliz-
ing the following elutions: 1) 100% ethyl ether, which
elutes only neutral lipids; 2) acetic acid:ethyl ether
(1:24), which elutes nonconjugated dihydroxy acids but
no trihydroxy or conjugated forms; 3) acetic acid: ethyl
ether (1:9), which elutes nonconjugated cholic acid but
neither of the conjugated acids tested; and 4) acetic
acid : methanol (1:9), which quantitatively elutes con-
jugated bile acids by using labeled taurocholic acid as a
test substance. The completeness and specificity of these
separations were confirmed with test solutions of repuri-
fied deoxychelic acid-24-*C, chenodeoxycholic acid-24-*C,

4 Millipore Corp., Bedford, Mass.

cholic acid-24-**C, glycodeoxycholic acid-24-*C, and tauro-
cholic acid-24-**C, as shown in Table II. Fraction 1
contained less than 5% of the radioactivity and was dis-
carded. In specimens obtained up to 60 minutes after
injection of isotope, fractions 2 and 3 were pooled as
the total nonconjugated fraction and the isotope in frac-
tion 4 as the total conjugated. In specimens obtained 24
hours or longer after injection from cirrhotic subjects,
the isotope was separately collected in fractions 2, 3, and
4. The bile acid components of the conjugated fraction
(fraction 4) eluted with acetic acid:methanol (1:9)
were identified after pressure alkaline hydrolysis (10).
After acidification of the hydrolysate, the bile acids were
recovered from ethyl ether in a two phase system made up
of equal volumes of ethyl ether and 0.01 N HCl. The
extent of the conversion of isotopic cholic acid to a di-
hydroxy form was then determined by measuring the
relative amounts of radioactivity with the migration rates
of di- and trihydroxy acids on a silicic acid thin layer
chromatoplate developed with acetic acid:ethyl ether
(1:9).

Determination of plasma cholic acid concentration. In
specimens obtained from cirrhotic subjects, the fourth
fraction eluted from the Florisil column, which contained
conjugated bile acids, was analyzed chemically for cholic
acid. After this fraction was subjected to pressure alka-
line hydrolysis a sample of the material used for radio-
activity determination was evaporated and cholic acid
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TABLE I
in nine patients with Laennec's cirrhosis
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Bile acid metabolism

0 to 60 minutes after injection

1 to 7 days after injection

Cholic Per cent isotope Loss of
acid conjugated Serum Cholic acid Cholic acid isotope in
clearance cholic clearance Cholic acid daily pro- urine in
ui 20 min 60 min acid pool size duction 7 days
minutes ug/ml days g 8/24 hours % of
. injected
59.5 65 54
62 39
62 96 8.6
29 - 67 51 70 1.6 3.3 1.03
49 52 53 12.5 2.0 3.29 0.82 31.2
39 1.6 6.5 2.03 .
40 68 41 6.3 1.45 0.89 0.31 24.4
55.5 73 77 12.5 1.6 0.83 0.26 67.4
19 39 44 24 1.7 7.8 2.29
45.0 61.0 56.9 23.6 1.7 3.76 1.12
+16.3 +19.8 +23.5 +16.1
12.6 63.5 95.0 0.129
+ 1.6 +16.7 + 4.7
0.19§ 2.8 1.4 0.36]|
(1.24.2) (0.5-2.29) (0.3-0.7)
determined by the method of Mosbach, Kalinsky, Hal- Results

pern, and Kendall (11). The conjugated cholic acid
concentration was corrected for total isotope loss oc-
curring during the hydrolysis procedure, and as previ-
ously reported (3) loss was as great as 40%. Total
plasma cholate was then calculated, assuming that the
per cent of unlabeled cholic acid conjugated is the same
as that of labeled cholic acid. The value presented in
Table I is the mean of at least two determinations 2 to 4
days after isotope injection.

Instial plasma clearance of isotopic cholic acid.
The rate of clearance of injected isotopic cholic
acid in a group of seven normal subjects during
the first 60 minutes was compared to that of eight
patients with cirrhosis (Figure 1). In the nor-
mal group, the mean half time of cholic acid was
12.6 =% 1.6 minutes, whereas in the cirrhotic group

TABLE II
Recovery of purified isotopic test compounds from Florisil column

Deoxy- Chenode- Glycode- Tauro-
cholic oxycholic Cholic oxycholic cholic
acid- acid- acid- acid- acid-

Elution 24-4C 24-4C 24-u4C 24-4C 24-u4C
) % of radioactivity
Ethyl ether (1)*
Ethyl ether:acetic acid
24:1 (2) 99 98
Ethyl ether:acetic acid
9:1(3) 1 2 97 4
Methanol :acetic acid :
9:1 (4) 3 96 100

* Numbers in parentheses refer to fractions eluted (see text).
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FIRST HOUR PLASMA CLEARANCE
OF 1SOTOPIC CHOLIC ACID
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half-time.

the half time was more than three times longer,
averaging 45.0 = 16.3 minutes. This difference
was highly significant.

Per cent conjugation of plasma isotope 20 and 60
minutes after injection. In spite of the marked
difference in initial clearance of radioactivity at
20 minutes, the conjugation of injected isotope in
the normal and cirrhotic subjects was similar in
the two groups: 63.5 = 16.7% and 61.0 == 19.8%
in the normal and cirrhotic subjects, respectively.
After 1 hour, however, there was a significant dif-
ference (p < 0.001) with 56.9 = 23.5% conjuga-
tion in those with cirrhosis, as opposed to 95.0 =
4.7% in the normal subjects (Table III).

Plasma radioactivity 1 to 7 days after injection.
In the normal subjects, plasma radioactivity was
undetectable in all specimens obtained more than
6 hours after injection of isotopic cholic acid. In
striking contrast, significant plasma radioactivity
was demonstrable for up to 14 days in 12 cirrhotic
patients (Figure 2). From 50 to 100% of this
radioactivity appeared in the conjugated fraction
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throughout this period in the nine subjects, and
when this fraction was hydrolyzed 40 to 60%
was found to have been converted to a dihydroxy
form.

Plasma cholic acid concentration. Plasma cholic
acid concentration was measured in the conju-
gated bile acid fraction after hydrolysis in six
cirrhotic subjects. The concentrations ranged
from 6.3 to 70.0 pg per ml with a mean of 23.6
(Table I), a figure similar to that of Sandberg,
Sjovall, Sjovall, and Turner (3), who measured
plasma cholic acid in cirrhotic subjects by gas-
liquid chromatography. These values are 30 to
140 times the mean normal value of 0.19 pg per
ml reported by those authors.

Cholic acid pool sizes and turnover rates in six
cirrhotic patients. The persistence of systemic
cholic acid radioactivity as well as measurable
levels of plasma cholic acid content permitted the
evaluation of bile acid dynamics in cirrhotic sub-
jects without the need to sample bile or feces.
Specific activity decay curves were determined
from isotopic measurements in combination with
chemical determination of serum cholic acid con-
centrations. Representative regression lines from
four subjects calculated by the method of least
squares (12) are shown in semilogarithmic plot
in Figure 3. The points constituting the two
curves that are not depicted in Figure 3 had less
deviation about their calculated line than that ob-
tained in subject A.C. and slopes within the range
of the other four curves.

The mean values for half time, pool size, and cal-
culated daily production of cholic acid were 1.7
days, 3.76 g, and 1.12 g, respectively (Table I).
These values can be compared to similar data ob-
tained from biliary bile acid decay curves in nor-
mal subjects reported by Lindstedt (8). The
values obtained for the half time of cholic acid for

TABLE III

Per cent conjugation of plasma isotope 20 and 60 minutes
after injection

Per cent

conjugated
Time (mean = SD) D
minutes
Cirrhosis (8) 20 - 61.0 + 19.8 NS
Normal subjects (5) 20 63.5 & 16.7
Cirrhosis (8) 60 56.9 + 23.5 <0.001
Normal subjects (35) 60 95.0 &= 4.7
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RADIOACTIVITY PERSISTING AFTER DAY |

|

2 3 4 5 6

@z Cirrhosis (12)
B Normals (7)

7

DAYS AFTER INJECTION

F16. 2. PLASMA RADIOACTIVITY FROM 1 TO 14 DAYS AFTER INJECTION OF ISOTOPIC CHOLIC ACID.
The figures are the mean value for all specimens available on each day.

the patients in the present study were all within
the range reported by that author. Pool size and
daily production rate, however, exceeded the nor-
mal in four of our six subjects. These values were
two to four times the highest figures reported in
his study.

Urinary loss of isotope 1 to 7 days after in-
jection. In contrast to four normal subjects in
whom total isotope loss did not exceed 0.12% in
7 days, the loss in cirrhotic subjects ranged from
8.6 to 67.4% during this period. From 60 to 90%
of the urinary isotope was in the conjugated form,
and, as in plasma, conversion of 40 to 60% to di-
hydroxy forms was also noted.

Isotope in ascitic fluid. In four cirrhotic sub-
jects isotope was detected in ascitic fluid obtained
from 2 to 7 days after intravenous injection of iso-
topic cholic acid. By assuming that the specific.ac:
tivity of plasma and ascitic fluid is the same; bile
acid concentration was calculated. Ascitic cholic
acid content was approximately 200 mg in two sub-
jects and 60Q mg-in the third. These figures are
based on estimates of the volume of ascites at 10
L. This represented from 10 to 25% of the

cholic acid pool calculated from plasma decay
curves.

Discussion

Normally in man, cholic acid is synthesized in
the liver from cholesterol and excreted with bile
in conjugated form -into the intestine. It is then
largely reabsorbed into the portal circulation, vir-
tually none being found in the systemic blood or
urine. The bile acid pool is therefore confined to

_the liver, bile ducts, intestine, portal circulation,

and feces. The rapid and permanent disappear-
ance from the systemic circulation of isotopically
labeled cholic acid fourid in the present study after
intravenous injection in normal subjects reflects
this enterohepatic localization of therbile acid pool.
The cirrhotic patient was found to handle isotopic
cholic acid differently in several ways. It was
clearéd more slowly from the plasma, conjugated
to a lesser degree, and, in greatest contrast to nor-
mal subjects, reappeared to circulate in the sys-
temic blood for as long as 14 days.

‘Although in the cirrhotic group the mean de-
cline of isotope for the first hour after injection of
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PLASMA CHOLIC ACID SPECIFIC ACTIVITY
DECAY CURVES IN LAENNEC'S CIRRHOSIS
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F16. 3. PLASMA CHOLIC ACID SPECIFIC ACTIVITY DECAY
CURVES FROM DAYS 1 TO 7 AFTER INJECTION OF ISOTOPIC
CHOLIC ACID IN FOUR PATIENTS WITH LAENNEC’S CIRRHOSIS.

radioactive cholic acid was about one-third that of
the normal subjects, the rate of removal of cholic
acid from the systemic blood into the biliary sys-
tem may have been abnormally high in view of the
very high plasma content of bile acid in patients
with cirrhosis, ranging from tens to hundreds of
times the normal shown both in the present study
as well as in those previously reported (2, 3).
The fractional disappearance rate of cholic acid
was approximately 1% per minute in the normal
group, so that at a mean plasma concentration of
20 pg per ml, compared to 0.2 for normal subjects,
actual transport rates would be more than 25
times higher in the patients with cirrhosis. The
possibility also remains that differences in time
required for distribution of isotope in the initial
volume of distribution exist between normal and
cirrhotic subjects and may play a role in the dif-
ferences observed in decay rates.

Similarly, the lower per cent of isotope conju-
gated 60 minutes after radioactive cholic acid in-
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jection must also be evaluated in terms of the
striking difference in circulating bile acid content
between normal and cirrhotic subjects. In the
present study, up to 50% of systemic cholic acid
was unconjugated in the cirrhotic group so that,
unlike in normal controls, a very large pool of
systemic free bile acid must have been present to
dilute the injected material. Therefore, the ob-
served per cent conjugation of isotope, which is
two-thirds normal, represents actual conjugation
of a much larger mass of cholic acid in the cirrhotic
subjects.

Regardless of the quantitative comparisons, a
high per cent of isotopic cholic acid remaining in
the plasma 60 minutes after injection was found
to be conjugated, both in normal and in cirrhotic
subjects. This finding suggests that, although
biliary bile acids-are essentially all conjugated
(13), the rate-limiting factor in the clearance of
cholic acid from the systemic blood is some process
other than conjugation. This may be similar to
the mechanism of clearance into the bile of bili-
rubin (14), but sulfobromophthalein sodium dif-
fers in that larger quantities are excreted into the
bile without conjugation (15). Although the con-
jugated isotope observed at 60 minutes could rep-
resent material conjugated by the liver, excreted
into the intestine, and reabsorbed, this possibility
seems unlikely in view of the high per cent con-
jugation evident by 20 minutes. In normal sub-
jects in whom conjugation was even higher, this
could not be the mechanism, since reabsorption of
bile acids into the systemic blood occurs only to a
very small extent, certainly less than in cirrhotic
patients.

In cirrhosis, the high levels of bile acids in the
systemic blood, the reappearance of isotopic cholic
acid, and the persistence of systemic radioactivity
for as long as 14 days after the injection of radio-
active cholic acid represent striking deviations from
normal bile acid metabolism. Furthermore, cholic
acid pool size as estimated in the present study ex-
ceeded normal values in four of six patients stud-
ied. Since fractional turnover rate was the same
as normal, daily turnover was also increased. The
cause of these deviations from normal is not evi-
dent from the present studies. Increased pool size
is consistent with the distribution of bile acids in .
both the systemic and enterohepatic compartments,
an abnormality that could result either from ana-
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tomical portosystemic connections or impaired bile

acid extraction from portal blood by hepatic cells. -
In the two subjects in whom pool size was normal,

however, evidences of parenchymal damage and of
abnormal portosystemic connection were present.
Further study is necessary to delineate the fac-
tors in cirrhosis most directly related to these bile
acid abnormalities.

Similarly, the increased 24-hour turnover rate
also seen in four of the six cirrhotic subjects in
this study cannot be explained by the findings of
this investigation. Urine loss, which does not oc-
cur in the normal subject, becomes considerable
(reaching 67% in one instance) in these cirrhotic
subjects as a consequence of the high systemic con-
centration, but the poor correlation between daily
turnover of cholic acid and urine loss suggests that
other mechanisms may be operative. This unac-
counted loss would be fecal and the mechanism for
its increase over normal, if present (16, 17), is not
indicated from this study.

Summary

Isotopic cholic acid was injected intravenously
into nine patients with Laennec’s cirrhosis and into
seven normal subjects. The initial removal rate
was significantly depressed in cirrhosis, as was the
per cent of isotope conjugated at 60 minutes. The
most striking difference was the persistence of ra-
dioactivity in systemic plasma in cirrhosis for up
to 14 days, compared to the permanent absence of
radioactivity in normal plasma after 6 hours fol-
lowing injection. This persistence of radioactivity,
together with the measurably high plasma cholic
acid concentrations in cirrhotic subjects, permitted
determination of bile acid kinetics. In four of six
subjects, cholic acid pool size and turnover rate
greatly exceeded values reported in normal sub-
jects, whereas half-time for plasma falloff was
within the normal range.
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